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THE OXIDE FILM LIGHTNING ARRESTER 


BY CROSBY FIELD 


ABSTRACT OF PAPER 


The oxide film arrester is a new type of lightning arrester made 
up of a film of insulation in contact with a conducting powder. 
Upon the application of over-voltage, the insulation will be 
pierced, but the powder will very rapidly turn into insulation and 
plug any holes punctured in the original insulation by the over- 
voltage, thus forming in substance a resealing insulation. A 
brief description of this arrester is given together with the 
principles underlying its action and a comparison with other 
types of lightning arresters. Mention is also made of other char- 
acteristics of this combination which are not used in the present 
arrester, but which are being applied in other developments. A 
few notes of tests on the commercial arrester complete this paper. 
With the exception of the basic patents issued to the author this 
is the first time any disclosure has been made of this arrester. 


HIS paper will be confined to a brief statement of the scien- 
tific principles underlying a new type of lightning arrester 
called the ''oxide film arrester."* The functioning of this arres- 
ter depends upon the fact that certain dry chemical compounds 
can be changed with extreme rapidity from very good conductors 
of electricity to almost perfect non-conductors by the applica- 
tion of a slight degree of heat. Lead peroxide is a good example 
of such a substance. It has а specific resistance of the order of 
one ohm per inch cube. The resistance varies with the pres- 
sure to which it has been compressed. At a temperature of 
about 150 deg. cent. the lead peroxide (PbO;) will be reduced to 
red lead, commercially known as minimum (Pb;O,). This has 
a specific resistance of about 24 million ohms per inch cube. 
At slightly higher temperatures this minimum will be reduced 
through the sesquioxide (РЬ,Оз) to litharge (PbO), which last 
named is practically an insulator. [A megger reading of in- 
finity is obtained on a column 3 millimeters long (0.11 in.) and 
5 square millimeters area (0.2 sq. in.)]. - 
Again the oxides of bismuth give similar characteristics. There 


*U.S. Patent No. 1,238,660—Crosby Field. 
Manuscript of this paper was received April 24, 1918. 
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are, furthermore, several other compounds and mixtures of 
compounds that will give these same results. 

Lead peroxide is normally in the physical state of a powder 
If this powder be placed between two electrodes and a current 
passed, the temperature due to the resistance at the contact of 
the peroxide and the metal will cause heat to be generated locally 
at the surface. When this heat is sufficient to create a temper- 
ature of about 150 deg. cent. a film of the lower oxides of lead 


Fic. 1 


A single cell of the oxide film lightning arrester consisting of a ring of porcelain with two 
circular steel disks, one spun on each side of the porcelain and insulated by the porcelain. 
The inside of the ring of porcelain between the plates is filled with peroxide of lead. 


forms, producing a film of insulation which stops the current. 
This method of film formation over any large area is rather 
irregular, and of course the oxide is not used in such a fashion 
in the commercial arrester. Instead of this formation of litharge 
film any insulating film may be put on the electrodes initially. 
As insulating film spread on the metal plates there have been 
used thin layers of the following; glass, water glass, halowax, 
cloth, balsam, shellac, oil, paints, lead paints, varnishes, and 
lacquers of all available kinds. In all cases the results are sim- 
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ilar, varying only with the voltage at which puncture of the 
film of insulation occurs. 
The foregoing statements define the principle of the commer- 


Fic. 2 
Shows the disassembled parts of a single cell of the oxide film lightning arrester. From 
left to right are a steel disk spun on a ring of porcelain, a pile of brown peroxide of lead, the 
other steel disk and an asbestos washer. 


cial oxide film arrester. Fig.1. It comprises two sheet metal 
electrodes, set about 0.5 in. (12.7 mm.) apart, one or both cov- 
ered with a thin insulating film and the space between the plates 
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Fic. 3 


The comparative volt-ampere characteristics of the oxide film cell and the a-c. alumi- 
num arrester cell. The oxide film has only a few milliamperes of leakage current up to the 
critical film voltage when the film gives way more suddenly than the film in the aluminum 
cell. The critical voltage of the oxide film can be made approximately as low as the hy- 
droxide film on the aluminum cell. 


filled with some such substance as that described above, as, for 
example, lead peroxide. Fig. 2 shows the disassembled parts of 
a single cell. At a permissible voltage of 300 volts per cell the 
insulating film prevents any appreciable current flowing under 
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normal conditions. As soon as the voltage rises slightly above 
normal the film punctures in one or more microscopic points, 
the lightning charge meets with practically no resistance and 
flows to earth. Fig. 3. The dynamic current starts to follow 
but because of the fact that the insulation was punctured in such 
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Fic. 4 

A magnified, imaginary representation of one of the films on one metal plate. As shown 
the film is punctured by a spark and filled with a litharge plug which is represented by the 
open circles. The cross-section in the discharge path, a short distance away from the 
metal electrode, is sufficiently expanded to make the current of low enough density not to 
heat the peroxide to a temperature of reduction to litharge. The peroxide is represented 
by the solid dots and only those in the path of the discharge are shown. At the other elec- 
trode, not shown in this magnified diagram, a similar effect may be taking place although 
there is a difference between the positive and negative crators. 


fine points, the current density near these points is exceedingly 
great. This results in a localized heating which speedily raises 
the temperature to a value sufficient to change to insulating 
litharge all the conducting peroxide in this minute path of the 
current flow in contact with the electrodes. The film conse- 


Fic. 5 


New electrode and also one from a cell having had passed through it several thousand 
discharges. The light colored plugs of litharge are plainly visible in the many spots on the 
surface of the plate. 


quently reseals, stopping the further flow of dynamic current. 
This action is so rapid that its duration cannot be measured on 
an oscillograph giving two thousand cycles per second, that 
is to say, the action of resealing occurs in less than one four thous- 
andth part of a second after the excess of lightning voltage has 
ceased. Fig. 5 shows the visible spots of insulating litharge 
plugs on the surface of an electrode. 
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This film сап be made of litharge itself, as well as any of the 
insulating materials above named. For example, metal plates 
may be inserted їп any of the well-known lead electroplating 
solutions, and thus a very thin lead peroxide film (measuring 
a few hundred thousandths of an inch) formed. By proper 
heating this will be changed to litharge and this form of elec- 
trode can be used. Peroxide may also be sprinkled over any 
metal plate and the plate heated, which will reduce the per- 
oxide to litharge. Again, the metal chosen for the electrode 
itself may be lead and if heated in the air a thin film of litharge 
will be formed on the surface. Again, an aluminum electrode 
may be put in any of the common electrolytes, and a thin alu- 
minum film be built up. This may be used with the peroxide 
powder. Of these methods of forming the film the most pre- 
ferable is by dipping in varnish or lacquer highly burnished 
surfaces of brass, steel, or copper, and is consequently used in 
the commercial arrester. The ohmic resistance of the arrester 
during discharge is quite low (less than 1 ohm per cell). Thus, 
when the insulating film is punctured the arrester offers very 
slight impedance to the flow of energy at abnormal voltages. 

There is a certain range of voltage necessary to pierce any 
given insulation. The exact voltage depends not only upon 
the thickness of the insulation and its dielectric strength but 
also on the relation of the dielectric spark lag to the duration 
of the super-spark potential and the frequency of alternations 
of the transient surge. 

If an arrester is to give protection of insulation in shunt with 
-it, the arrester must relieve the abnormal electric pressure before 
damage is done to the insulation. Although tests are frequently 
made with the arrester and the insulation it is to protect in 
parallel, a more convenient method has been standardized and 
is known as the equivalent sphere gap test. Both the insulation 
and the arrester are compared by comparing each to the equiv- 
alent sphere gap. 

The equivalent sphere gap of the oxide film arrester may be 
analyzed, as in other cases, into separate and distinct parts. 
First, there is the equivalent sphere gap of the main gap in series 
with the cells. Second, the equivalent sphere gap to initiate 
a discharge through the insulating film on the plate surface of 
the cell. Third, there is the equivalent sphere gap of the resist- 
ance drop of the current discharging through the powdered 
peroxide in its path. Fourth, there is the equivalent sphere 
gap of the inductance of the arrester. 
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Commenting on these factors in their relation to this arrester, 
the main gap is itself a sphere gap which has the fastest spark 
of any practical gap. The gap setting, like that of the aluminum 
arrester, is only slightly above that of the normal voltage of the 
circuit. 

The equivalent sphere gap of the film is several times greater 
than the thickness of the film because solid material has a greater 
dielectric spark lag than air, but with this multiple of the thick- 
ness of the film the equivalent sphere gap is still low. Since 
peroxide is a good conductor, the series resistance in the path 
of the discharge is insufficient to give an undesirable voltage 
drop. As to the inductance of the arrester, it has a minimum 
value due to the fact that each cell 15 only 0.5 in. long, as shown 
in Fig. 1, and these cells are placed one on top of another. In 
other words, the total length of the arrester (which constitutes 
the inductance) is short as compared to the necessary length 
of conductor from line to earth. 

One of the obstacles that had to be overcome in the making 
of this arrester was the increase in the resistance after a great 
many heavy discharges had passed through it. The predomi- 
nant reason for the increase seems to be explained by the fol- 
lowing theory. The current passing through this small puncture 
in the film heats up very rapidly not only the powder but also 
the air contained within the interstices of the powder. The 
particles are thereby thrown out of contact with each other: 
thus producing a fluffiness. The decrease in the number o 
contacts decreases the actual cross sectional area of conduction' 
hence increases the resistance. This raises the equivalent sphere: 
gap. This action is accelerated, of course, by the giving off of 
the oxygen itself evolved in the reduction from lead peroxide 
to the lower oxide. If, however, this same arrester be violently 
Jarred or the filling powder be compressed, or any other method 
utilized to restore the particles to their previous intimate con- 
tact, the equivalent needle gap will fall again. While increased 
fluffiness appears to be the predominant cause of change of the 
equivalent sphere gap, the increased thickness of the film of 
litharge at the point of puncture of the film is finally a factor 
of moment. The total area of the film must be sufficient to 
give a reasonable number of years of life to the arrester. There 
are other factors relating to the details of manufacture which 
give a limited degree of control over this change in equivalent 
sphere gap. 

In all the commercial oxide film arresters used for alternating 
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current the power factor is nearly unity. For special purposes 
however, the power factor can be made anything desired from 
10 per cent.to unity. This is obtained by combining with the 
conducting oxide other non-conducting materials. This princi- 
ple has been made use of for condensers but it has not been found 
desirable to incorporate it in the arrester. 

To summarize—an arrester operating under a new principle 
has been made which comprises in essence one or more metal 
electrodes covered with an insulating film, and separated by 
a conducting powder, which has the peculiar characteristic of 
becoming & non-conducting powder upon the application of 
heat. Voltage higher than that which can be withstood by the 
insulating film punctures it in one or more points of about 0.005 
cm. diameter. Dynamic current flowing gives a high current 
density in the conducting powder adjacent to these punctures 
which in turn heats it up rapidly, reducing the powder to a non- 
conductor, and sealing the holes in the film. The powder be- 
ing a poor heat conductor localizes this action, so that very little 
more powder is reduced than is actually necessary to seal up 
these minute punctures. 

The critical spark voltage and that part of the equivalent 
sphere gap controlled thereby is a function of the thickness and 
kind of material used for the film. 


COMPARISON OF THE “OxIDE FILM” WITH WELL KNOWN 
ARRESTERS 


The earliest form of non-electrolytic film arrester was known 
as the dry aluminum arrester.* It was a direct attempt to 
utilize the dry film which forms on the surfaces of pure aluminum 
immediately after it comes in contact with the oxygen of the 
air. The hydroxide film is easily formed in electrolyte and 
on drying becomes a dry film which gives sufficient action to 
prevent a discharge up to a given critical voltage, depending 
upon the thickness of the film. The film can also be formed by a 
spark or arc of a conductor in contact with а plate. Naturally 
this conductor should be of a non-metallic nature. In the earliest 
form tried powdered carbon was used mixed with dioxide of 
manganese which gives a liberal supply of oxygen at the heated 
point. 

One of the objects of the development of this arrester was to 
decrease the cost of manufacture and it was found with the new 
principle involved in the oxide film arrester, where the powder 


* U. S. Patent, E. E. F. Creighton. 
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furnishes the film rather than the plate, that the aluminum 
could be replaced by a cheaper metal, such as steel, and, as 
already described, the initial film known in the early stages of 
development as the “paint skin” type could be furnished by a 
ayer of varnish. Оп first sight, knowing the extreme thin- 
ness of the hydroxide film on wet aluminum cell it might not 
seem that the dry cell would give the same general characteristics 
as the wet cell. But a comparison of the volt-ampere curves 
shows the same general characteristics. For a-c. voltages of 
300 volts average per cell the current in the dry cell 1s of negli- 
gibly small value up to 40 milliamperes. The power factor is 
nearly unity and the current flow is due to very slight leakages 
through the films. In thecase of the aluminum electrolytic cells 
there is an equivalent condition, the d-c. leakage current of the 
order of one milliampere being due to leaks through the hydro- 
roxide film. In the a-c. aluminum arrester the leakage current 
on the plate area used is much greater due to the destructive 
action of the alternating current on the hydroxide film. Further- 
more, the wet cell with its thinner film is a condenser of appre- 
ciable capacitance which takes a charging current of about 0.5 
ampere at 60 cycles. When the voltage reaches a certain criti- 
cal value which is between 300 and 400 volts for the wet alumi- 
num cell and between 300 and 500 for the oxide film cell (or 
higher if the paint film is made thicker) the current is allowed 
to pass freely through the cells, limited only by the ohmic resist- 
ance of the cell independent of the film. Since the oxide film 
arrester has no dissolution of the film, as occurs in the wet 
aluminum cell, charging is not only unnecessary but undesir- 
able. This extends the use of the oxide film arrester to localities 
where there are no attendants. 

Although the wet aluminum plate becomes frosted to an 
appreciable thickness by the passage of current in long use, the 
actual thickness of the film, as represented by the critical volt- 
age, is not changed. In the oxide film arrester, however, the 
film less than one 1 mil thick (0.025 mm.) initially thickens up 
by the addition of successive spots of litharge for each successive 
discharge. This represents the wear on the arrester and 
limits its total life. Fig. 3 shows comparative volt-ampere 
characteristics of the oxide film arrester and the a-c. aluminum 
arrester. Since both of these arresters have a leakage current 
which wears the plates of the cells when alternating current is 
supplied, it is necessary, as previously stated, to place a spark 
gap in serles with the cells. "This spark gap 15 set at a value 
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slightly above the normal potential of the circuit so that noth- 
ing but abnormal voltages will cause a discharge. 

The foregoing data show that the oxide film arrester has т 
eral characteristics closely like the standard aluminum electrá- 
lytic arrester. It has the obvious advantage which comes from 
being dry rather than wet, it will not congeal and needs no 
daily charging. 

In making the characteristic volt-ampere discharge curves 
the oxide film arrester does not lend itself as readily to the test 
as the wet aluminum cell. While its critical film voltage is 
evident, the change from no conduction to full conduction is 
more sudden. Therefore, the discharge rate at double potential 
is best shown by throwing double potential on the cell and sub- 
sequently reducing the voltage to its normal value per cell. 


ARRESTER 
UNDER TEST 


Fic. 6 


Arrangement of three expulsion fuses which short-circuit gaps in the path of discharge 
to first throw double voltage on an arrester under test and then reduce the voltage to 
normal value by shifting the contacts on a transformer from full coil winding to half coil 
winding. 


This gives a very considerable quantity of electricity through 
the cells and is a severe test. | 

In order to conveniently alter the voltage from double value 
to normal value the circuit is arranged as shown in Fig. 6. The 
object of the connections may be briefly stated: A transformer 
with two coils in series impresses voltage on the arrester and 
then the contacts of the arrester are automatically shifted to 
one coil giving half the voltage. A heavy pendulum closes 
switch .S-1 and sets the oscillograph into operation. The full 
voltage on the transformer is thrown on to the oxide film arrester 
under test, marked O-F, which has a number of cells sufficient 
only for half the voltage of the transformer. In other words 
this throws double voltage on to the arrester and the heavy 
current passing through the cells causes fuse F-1 to blow. The 
operation of this fuse short-circuits half the transformer and 
throws the other half across the arrester. This is done by 
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means of gaps and fuses as follows: When the expulsion fuse F-1 
blows, the conducting gases are shot into the open gap G-1 which 
closes the circuit through fuse F-2 to the mid-point of the trans- 
former. This short circuit on half the transformer causes fuse 
F-2 to blow and the hot gases discharging from fuse F-2 close 
the gap G-2 which throws the mid-point of the transformer on 
to the arrester through the switch S-2 which is closed just pre- 
vious to starting the test. "These several operations occur with 
a rapidity depending upon the size of fuses used. It is possible 
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Operation of an oxide film arrester on double dynamic voltage initially and its recovery 
on normal vcltage. The upper record with a peak voltage of 28,700 volts shows the arrester 
connected to the circuit as the voltage wave starts to decrease on its third peak. The 
voltage immediately drops to the critioal value of the cells—about 13,500. Оп the lower 
record the current is seen to rise to 40 amperes. Оп reversal of the voltage to 13,800 in 
the negative direction as shown by the upper record, the current as shown by the lower 
record rises to 106 amperes. The switching operations produce several electro-magnetic 
kicks as shown by the irregular voltage wave as it rises in the next cycle to 13,300 peak value. 
At this lower applied voltage the current in the series of cells, as shown by the lower re- 
cord, is 15 amperes. In the subsequent half cycle the current rises only to 8 amperes. In 
the last half cycle of voltage shown, where the switching operation is complete, and the 
wave assumes its normal smooth form, the current in the cells is too small to be registered 
by the oscillograph. Its value is of the order of milliamperes. This figure is a copy of an 
oscillogram. The copy was made desirable by overlapping of the discharge оп the 


two ends of the film. 


by this means to throw momentarily 22,000 volts on an 11,000 
volt arrester and note the character attending its discharge and 
recovery. Fig. 7 shows such an operation on an oxide film arres- 
ter. The initial discharge current is 40 amperes during the 
first half-cycle due to the point it strikes in the descending wave 
during the second half-cycle it is 106 amperes. After the third 
half-cycle the litharge film has so completely sealed up the path 
of discharge that the current is too small to show on the oscillo- 
gram. The leakage current with no series gap is of the order 
of a few milliamperes. 
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THE OXIDE FILM LIGHTNING ARRESTER 


BY CHARLES P. STEINMETZ 


ABSTRACT OF PAPER 


A short history of lightning protection of electric systems is 
given, as relating to the three successive types of electric cir- 
cuits; the communication circuits, the power circuits of negligible 
electrostatic capacity, and the high power circuits containing 
distributed capacity and inductance and capable of electric oscilla- 
tion, leading to the three problems of discharging over-voltage 
to ground, opening the power current which follows the discharge 
and discharging so that no power current follows even for a 
fraction of a half wave. It 1s shown that these problems are 
solved by the spark gap to ground, by the use of non-arcing 
metals in the multigap arrester, which opens the circuit at the 
end of a half wave of current, and by the so-called ''counter 
e.m.f.” type of arrester, represented by the aluminum cell and the 
oxide film arrester. 

It is shown that the necessity of taking care of recurrent dis- 
charges in high-power systems had led to the universal adoption 
of the aluminum cell arrester in such systems, in spite of its dis- 
advantage of requiring daily attendance in charging, and of 
containing an electrolyte and oil. 

In the oxide film arrester a type of arrester is presented which 
has the same characteristics add therefore the same advantages 
as the aluminum cell arrester, but does not require daily attend- 
ance and contains no liquids. 

Its method of operation is explained, and its difference from 
the aluminum cell arrester; the dielectric film, which punctures 
under the discharge, and reseals after the discharge, 1s formed 
from the solid materials between the terminal plates, compressed 
PbO; and therefore no spontaneous chemical action occurs 
which dissolves the film, as in the aluminum cell, in which the 
film forms from the aluminum electrode, gradually dissolves, 
and therefore requires daily charging. 

A short description of the construction of the oxide film arrester 
is given, a record of its operation in industrial service for over 
three years, and oscillograms showing the performance of this 
dd under recurrents, oscillations and under high-power im- 
pulses. 


HREE periods can be distinguished in the development of 
lightning arresters, corresponding to the three periods of 
the use of electricity: | 
(1) Electric circuits of negligible power, telegraph and tele- 
phone. 
(2) Electric power circuits of negligible electrostatic capacity; 
Manuscript of this paper was received April 25, 1918. 
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d-c. lightning and railway, a-c. secondary and 2300-volt primary 
distribution. | | 
(3) High-voltage electric power circuits, transmission lines, etc. 


(1) In electric circuits of negligible power, such as telegraph 
and telephone circuits, a simple minute spark gap to ground 
afforded protection by discharging lightning to ground, and was 
sufficient until the recent years, when with the general intro- 
duction of electric power circuits the problem arose, in electric 
communication circuits to take care of crosses with power cir- 
cuits. 

(2) In electric power circuits, a simple spark gap to ground 
became insufficient for protection, since the power current, fol- 
lowing the lightning discharge as arc, short-circuited the system 
and burned up the arrester. The problem then arose, to safely 
open the short circuit of the machine current to ground, through 
the lightning arrester, after the lightning discharge has passed, 
and to leave the arrester in operative condition to receive fol- 
lowing lightning discharges. 

Of the various devices developed heretofore, the magnetic 
blow-out lightning arrester still is used in direct-current railway 
circuits. 


The first scientific investigation of this problem, is recorded 
in the paper! by A. J. Wurts, presented before the A. I. E. E. at 
the meeting of May 1894. Since that time all lightning arresters 
for alternating-current power circuits of negligible electrostatic 
capacity are based on the multigap principle between non-arcing 
metals, whatever constructive forms the arrester may assume— 
as the present compression chamber lightning arrester. The 
multigap arrester operates on the principle, that the lightning 
discharge over the multigaps closes the circuit to ground, but 
the power arc following the discharge extinguishes at the end 
of the half wave of the alternating current, as the non-arcing 
character of the gaps does not permit the reverse current of the 
next half wave to start. The multipap arrester thus short- 
circuits for a part of a half wave. It obviously is suited only for 
alternating currents. 

Tor years difficulties were met with the question of resistance; 
without series resistance, in large svstems the short-circuit power 

1. Trans. А. I. E. E., 1894, Vol. XI, p. 337, “Discriminating 
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even of à part of a half wave may be sufficient to disable 
and destrov the arrester, while the use of a series resistance, 
while limiting the power current and thereby protecting the 
arrester, algo limited the discharge capacity and thereby re- 
duced the protection. This problem was solved by the use of 
multigaps shunting the series resistance, so that moderate dis- 
charges passed over the resistance, while high power lightning 
discharges found a path without series resistance, over the 
shunted gaps, and at the same time, the shunting resistance 
made the power arc at the shunted gaps unstable and thus as- 
sisted in the extinction of the short circuit at the end of the 
half wave.? | 

(3) As soon however, as circuits came into use, which had 
considerable electrostatic capacity, such as high-voltage transmis- 
sion circuits, extended underground cable systems, or lower 
voltage circuits: (including generator circuits) inductively con- 
nected with such circuits, the multigap arrester failed by fre- 
quently, or even usually destroying itself by the discharge, burn- 
ing up. " 

In such circuits, oscillations between capacity and inductance 
may occur, started by a lightning discharge or any internal dis- 
turbance such as switching etc., resulting in recurrent high fre- 
quency oscillations, of which the arcing ground on a transmission 
line is typical and probably best known. With such continual 
discharges, often several.per half wave, the multigap arrester 
short-circuits at the first oscillation, for the remainder of the half 
wave, and while the multigap functions properly and opens the 
short circuit at the end of the half wave, the oscillation of the 
next half wave again short-circuits, and so on, so that the effect 
is that of a continuous short circuit, and no lightning arrester, 
no matter how large, can dissipate the short-circuit power of 
a big system for any appreciable time. 


For such systems, in which recurrent high frequency oscil- 
lations, as arcing grounds, may occur, a lightning arrester is 
necessary, which does not short-circuit the machine current 
even for a fraction of a half wave, but merely discharges the over 
voltage, the oscillation which, however high in voltage it may 
be, is small in energy compared with the short-circuit power of 

2. See А. I. E. E. Trans., 1907, Vol. XXVI, p. 425,“ Protection Against 
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the system, as it represents only the stored energy of capacity 
and inductance. The only arrester of this character heretofore 
was the electrolytic, or aluminum cell lightning arrester, devel- 
oped by E. E. F. Creighton, J. L. R. Hayden, F. W. Peek and 
others. It acts towards an over-voltage discharge like a counter 
e. m. f. equal to the normal circuit voltage, and the discharge 
current passing through the arrester thus is the short-circuit 
current of the over voltage, while the normal machine voltage 
does not discharge, is held back and not disturbed. The alum- 
inum cell arrester thus can discharge continual disturbances, 
over-voltage oscillations occurring at every half wave, for a con- 
siderable time, half an hour to several hours, before it is endang- 
ered by the temperature rise due to the accumulated energy of 
these discharges. 

The aluminum cell arrester comprises a series of cells—usually 
conical and stacked into each other—of aluminum electrodes 
with an electrolyte, of which neither the salt nor its ions appre- 
ciably dissolve alumina. Іп “forming” the cell, by an alter- 
nating current passing through it, the electrodes are coated by 
a thin non-conducting film of alumina, which grows in thickness 
until it holds back the impressed voltage. Any over-voltage 
punctures this film, but the current passing through the punc- 
ture holes, again forms alumina and closes the holes. Thus the 
aluminum cell acts like a self repairing electrostatic condenser 
of a disruptive strength equal to the impressed voltage: about 
250 to 300 volts per cell. 

The practical experience of the last ten years has proven the 
alu minum cell arrester as the only type capable of affording pro- 
tection in modern high power circuits, and proven this so con- 
clusively, as to lead to its universal adoption in such circuits 
in spite of the inconveniences incident to the need of daily atten- 
tion in charging, the use of a liquid electrolyte, and the difficulty 
of testing the arrester without taking it apart, except by watch- 
ing the appearance of the charging arc, or measuring the charging 
current. 

These inconveniences incident to the aluminum cell arrester 
were well realized however, and as soon as the minor troubles 
met with the aluminum cell arrester in the early years had been 
overcome engineers went energetically to work on the problem 
of developing a lightning arrester of the characteristics of the 
aluminum cell arrester, but which does not require any attention 
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beyond that given to every apparatus in a well managed system, 
that is, an occasional inspection, at least once or twice a year. 


Numerous researches were made by the engineers whose splen- 
did work I here acknowledge: Messrs. H. D. Brown, E. E. F. 
Creighton, Crosby Field, V. E. Goodwin, J. L. R. Hayden, N. A. 
Lougee, and G. B. Phillips. Some of these researches have not 
yet led to results ready for communication, but I am glad to 
present to you here as the result of the work of these men, and 
more particularly of E. E. F. Creighton, Crosby Field and N. 
А. Lougee, in the Oxide Film Lightming Arrester a new type of 
lightning arrester, which has all the characteristics and advan- 
tages of the aluminum cell arrester, but does not require any 
charging and thus requires no special attention, contains no 
liquid electrolyte, no inflammable material, and like the alu- 
minum cell arrester, can be located outdoors as well as indoors. 


The oxide film arrester, like the aluminum arrester, acts like 
a counter e. m. f. equal to the normal circuit voltage, freely dis- 
charging any over voltage, but holds back the normal machine 
voltage. Thus the discharge is limited to the energy of the 
over voltage, as in the aluminum arrester, and like the latter, 
the oxide film arrester can continuously discharge recurrent 
surges, such as arcing grounds etc., without endangering itself, 
for a considerable time, sufficiently long to notice and eliminate 
the disturbance. 


Compared with the almost entire absence of knowledge of light- 
ning phenomena in electric circuits, under which Mr. Wurts had 
to work in developing the non-arcing metal multigap lightning 
arrester, our present knowledge of lightning phenomena is very 
great. Nevertheless, there are so many disturbances in large 
electric systems, which we cannot or only incompletely repro- 
duce in our laboratories, that the final decision on the success, 
that is, the effectiveness and permanence of a lightning arrester, 
still is best given by the experience in industrial systems. 

Therefore, after extensive laboratory tests had been completed 
and had proven the oxide film arrester as of the same character- 
istic as the aluminum arrester, but requiring no special attention, 
‚а number of industrial installations were made, and more added 
the next year and the third year. Now, however, when a con- 
siderable number of installations of these arresters, for voltages 
from 110 to 33,000, have been in successful operation, some for 
over three years, and have proven their protective value and 
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their permanence, I consider it desirable to bring the arrester to 
your attention. | | 

. Of the numerous tests made on the performance of the arrester, 
it may be sufficient here to give only two, by the oscillograms 
Figs. 1 to 4, showing the action on a recurrent oscillation, in Figs. 
1 and 2, and on a single high power impulse, Figs. 3 and 4. 

The tests, oscillograms Figs. 1 and 2, were made in the usual 
manner: a surge or continual oscillation was produced by a large 
condenser, connected to an alternating-current supply and dis- 
charging over a spark gap through an inductance. The latter 
was chosen so as to give a frequency of 1200 cycles to the oscil- 
lation, ànd thereby bring it well within the range of the oscillo- 
graph. This surge was impressed upon the apparatus to be 
protected, a transformer energized by another alternating-cur- 
rent circuit. Fig. 1 shows the oscillogram without protection 
of the transformer, and Fig. 2 the oscillogram with an oxide film 
cell shunting the transformer and thereby protecting it. 

In Fig. 1, the lowest curve shows the voltage of the 320-volt 
47-cycle power supply circuit of the transformer, with the oscil- 
lations superimposed on it, rising to surge peaks of 2800 volts. 
The upper curve shows the oscillating currents passing through 
the transformer, rising to current peaks of 40 amperes. The 
middle curve is absent, as no arrester is used in this test. In Fig. 
2 however, where an oxide film cell is shunted across the trans- 
former, the middle oscillogram shows the current oscillations 
passing through the arrester, with peaks of 35 to 41 amperes. 
The lower curvein Fig. 2 then shows again the circuit voltage 
wave impressed upon the transformer, with the oscillations cut 
down by the oxide film cell. This voltage wave, the lower curve 
in oscillogram Fig. 2, well illustrates the characteristic action of 
this type of ''counter-e. m. f. arrester’ —to which the oxide film 
arrester and the aluminum cell belong. The oscillation peaks 
are sharply cut off at a maximum voltage of 60 per cent. above 
circuit voltage: the value for which the spark gap was set. As 
the result, the oscillations are very greatly cut down from the 
high values which they have in the unprotected circuit Fig. 1 
(2800 volts), and become unsymmetrical. The half waves of os- 
cillation in the same direction asthe circuit voltage are greatly 
reduced, by the limitation of the voltage to 60 per cent above- 
normal, while the reverse half waves—which lower the instan- 
taneous circuit voltage— are less affected. Corresponding there- 
to the discharge current through the arrester, the middle oscil- 
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logram in Fig. 2, is unsymmetrical also: in the first and second 
oscillation of Fig. 2, the first and third half wave of oscillating 
voltage is cut off, and the first and third half wave of the oscil- 
lating discharge current therefore higher than the second half 
wave of the oscillating discharge, which latter corresponds to a 
half wave of oscillating voltage in opposition to the circuit volt- 
age, therefore not raising the circuit voltage. The third oscil- 
lation of Fig. 2 happens to start with a half wave of oscillating 
voltage in opposition to the circuit voltage, and the first half 
wave oscillating discharge current through the arrester, in the 
middle curve, thus is smaller than the second half wave; the 
second half wave of the oscillation is cut down in the voltage 
and therefore gives the maximum discharge current, 35 amperes 
in this case. 

This feature is well brought out by the oscillograms Figs. 1 
and 2, due to the use of a different frequency, 60 cycles, for the 
power supplying the oscillator. This caused the successive oscil- 
lations to occur at different parts of the half waves of the 47- 
cycles circuit which was to be protected. 

Fig. 3 and 4 then show the protective action of the oxide film 
arrester on a 550-volt direct-current circuit, against a single 
(non-oscillatory) impulse produced by opening a highly inductive 
circuit (railway motor). Fig. 3 shows on the lower curve the 
oscillogram of the impulse in the 550-volt circuit, rising to 7000 
volts. The upper curve merely is а 60-cycle timing wave, to 
enable measuring the duration of the impulse. Fig. 4 shows 
the same circuit, with an arrester shunting it. The impulse 
voltage rises to the value for which the discharge gap of the arres- 
ter is set, in this case 2200 volts. Then the arrester discharges, 
and the voltage instantly drops back to normal, while a slowly 
decreasing discharge current through the arrester dissipates 
the magnetic energy of the impulse. 

The cell of the oxide film arrester, shown in Fig. 5, consists of 
two circular metal plates as electrodes, which are kept apart by 
a porcelain ring, as shown in the figure. The space between the 
electrodes inside of the porcelain ring, is filled with the active 
material, lead peroxide PbO;, which is put in under moderate 
pressure. This active materialis a good conductor, but has the 
characteristic, that by the action of an electric discharge, it is 
converted in the path of the discharge, intoalower oxide, which 
Is an insulator. Thus when an alternating current is passed 
through such a cell, the.active material at the electrodes grad- 
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ually converts into a non-conductor, and forms a thin insulating 
film at the electrode. This grows in thickness, until it cuts off 
the further flow of current and holds back the voltage, about 
250 to 300 volts per cell. Then only a small leakage current, of 
a few milliamperes, passes at normal voltage, but if an over volt- 
age of any kind appears at the cell, the insulating film of lead 
oxide punctures and freely discharges through the lead peroxide, 
but in doing so, converts the surface of the lead peroxide in 
the path of the discharge into the lower non-conducting oxide, 
and thereby closes the puncture holes, repairs or reseals the 
film. 

In manufacture, naturally, just as in the aluminum cell arrester, 
the insulating film is not produced after assembly of the cell by 
the slow process of passing a current through, but the film is put 
on before assembly, in the oxide film arrester, by dipping the 
plates in a suitable insulating varnish, which gives them a coating 
just thick enough to hold back the circuit voltage. "Then after 
assembly, voltage is put on the cell for testing it and sealing any 
holes or defects which may exist in the varnish film. 

In the oxide film arrester, the electrodes have nothing to do 
with the arrester action, and any suitable material can be used. 
First we used brass, but now use sherardized iron, the latter 
having a higher melting point and thus standing high power dis- 
charges, which would melt holes in the brass electrodes. 

In this arrester, the action, which holds back the normal volt- 
age but passes freely an over voltage, thus resides in the active 
material between the electrodes, and it is this material which 
forms and reforms the film. As this material is a solid, no сһетп-: 
ical action occurs such as the gradual dissolution of the alumina 
film in the aluminum cell arrester, but the film remains intact 
permanently, and thus no daily “charging”, that is, repairing 
of the film, is required. 

А number of such cells, depending on the voltage of the circuit, 
are piled on top of each other, with a spark gap in series, and, for 
low and moderate voltages, incased as shown in Fig. 6. 

As the cells are hermetically sealed, by the metal of the elec- 
trodes being spun over the porcelain separating ring, the cells 
can beinstalled outdoors as well as indoors, requiring in outdoor 
installation merely some protection by petticoats, as shown in 
Fig. 7, to keep the rain from short-circuiting the cells. Fig. 8 
shows such an outdoor installation of a 33-kv. arrester, with three- 
phase stacks and the ground stack of cells, protected against the 


PLATE XX. 
A. l. E. E. 
VOL. XXXVII, NO. 6 


Fic. 5--ТүрЕ "OF" LIGHTNING 
ARRESTER CELL 


[STEINMETZ] 


Fic. 6—TvPE “ОЕ” LIGHTNING ARRESTERS WITH COVERS REMOVED 
RaTINGS 325-650, 900-1350, 2100-2600-VoLT ALTERNATING CURRENT 
OR DiRECT CURRENT RESPECTIVELY 


Digitized by Google 


PLATE ХХІ, 


A. E. E. 
VOL. XXXVII, NO. 6 


MOHS OL GHAOWAY SNISQOH яо яа 


LINAWNAONVAAY HODISLN[ 
HLIM UWALSAAAY DONINLHOSTÜI'T] 


dO, 34AL чооатпо L10A-000'EZ-000'ET AO NOILOAS ASVHG—2 “OMY 


[713 N13118] 


111241) LTOA-000 £ У NO GHTIVLS 
NMOOGLA2I() чол AALSAA 


-NI BOIANAS 
-HV ONINLHOI’ 


I 


ie | (),; 


adA[— ‘м 


Digitized by Google 


1918] STEINMETZ: OXIDE FILM ARRESTER 559 


weather by metal petticoats. Fig. 8 shows also the spark gaps on 
the line side of thearresters. They are protected sphere gaps, to 
give instantaneous discharge, with a horn attachment to allow 
the arc to flare up and thereby help in its extinction. 


As well known, the plain horn gap has the disadvantage of 
requiring an appreciable —though a very short (microseconds) 
—time for discharge, and an extremely sudden high voltage, as a 
very steep wave front, thus may pass the horn gap and flash over 
elsewhere. "Therefore in modern high voltage lightning arresters 
the horn gap is shunted by a properly proportioned sphere gap, 
the latter being ‘‘instantaneous”’ in its action. In outdoor use 
however, rain lowers the discharge voltage of the sphere gap, 
and thus requires a setting which gives a higher discharge volt- 
age in dry weather than necessary. Therefore a protected sphere 
gap has been designed, which overcomes this disadvantage in 
the open sphere gap, and 1s shown in Fig. 8. 

The need of using this spark gap in series with the arrester, 
is the only still remaining undesirable feature which thé oxide 
film arrester shares with the aluminum cell arrester, the multi- 
gap arrester and other types. While by the work of Mr. F. W. 
Peek, on the time lag of electric discharges?, the means have been 
given to make the discharge gap "instantaneous", that is, faster 
than any other discharge path over gaps or through insulation 
in the system, so that the arrester takes care effectively of any 
over voltage above its discharge voltage, it does not discharge 
voltages lower than the discharge voltage of its spark gap, even 
if these lower voltages may involve some danger to the system by 
their high frequency. Such low voltages, while they cannot 
endanger the main insulation between circuit and ground, may, 
if of sufficiently high frequency, lead to local accumulations of 
voltage across inductive parts of the circuit, as regulators, current 
transformers, end turns and coils of generators and transform- 
ers, and there cause damage by puncturing insulation between 
turns and causing internal short circuits. 

Against these high frequency disturbances of moderate volt- 
age, the only existing protection is the addition to the arrester 
of a capacity discharge path permanently connected from the 
circuit to ground. Such capacity path should be without resist- 
ance to flatten steep wave fronts, and contain a moderate series 


3. A.I. E. E. TRANs. 1915, Vol. XXXIV, Part II, p. 1857, The Ef- 
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resistance, to dissipate high frequency energy and stop cumula- 
tive oscillations in their beginning. Before I leave the field of 
electrical engineering, I hope still to see an arrester, of the tvpe 
of the oxide film or the aluminum cell, which has no spark gap, 
but is permanently shunted across the circuit, and thus capable 
of taking care not only of over voltages, but equally well of steep 
wave fronts and high frequency oscillations, even if of lower than 
the circuit voltage. Such an arrester then would give universal 
protection. | 


To be presented at the 34th Annual Convention of 
the American Institute of Electrical Engineers, 
Allantic City, N. J., June 26, 1918. 
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AERIAL CABLE CONSTRUCTION | FOR ELECTRIC 
POWER TRANSMISSION 


BY E. B. MEYER 


ABSTRACT OF PAPER 


This paper deals with the problem-of supplying high-tension 
electric service where conditions do not permit of the use of open 
wire or underground circuits. 

The methods of overcoming difficulties incidental to provi- 
ding for high-tension service are discussed in detail, together with 
a description of the types of cable used and methods of installa- 
tion. 

The experience of a large central station company operating 
several hundred miles of overhead. and underground cable is 

` given and the paper brings out the fact that the type of con- 
struction described may be used advantageously for both 13,200- 
and 26,400-volt service. 


ENTRAL station companies have had to meet a number of 
difficult problems during the past three years but the most 
important has been that of supplying enormous power demands 
imposed upon them, particularly since the United States has be- 
come one of the allies in the European war. 

On account of the rapidity with which most of the materials 
covered by war contracts must be delivered, industrial companies 
found that the building of isolated plants was out of the ques- 
tion, not only because of the time necessary for erection, but 
because of the low rates and excellent service furnished by 
utility companies. 

At the present time the central station engineer in dealing 
with the customer has to provide for thousands of kilowatts 
rather than hundreds, which were the usual demands previous 
to the war. . 

These large demands have made it necessary to solve numerous 
operating problems in connection with the transmission system 
and to devise special methods of construction in order to serve 
the industries upon which the Government is depending to help 
win the war. 

The Public Service Electric Company, which operates in 200 
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municipalities throughout the State of New Jersey, supplies light 
and power to approximately 170 manufacturing plants engaged 
directly or indirectly on Government contracts. The material 
furnished under such contracts consists of high explosives, 
chemicals, shells, textiles, rubber goods, motor cars, castings, 
wire and cable, wireless apparatus, ships of various types, and 
many other accessories. In addition to this, Public Service 
Electric Company has contracts with the United States Govern- 
ment for furnishing light and power to Camp Dix, Camp Merritt, 
Raritan Ordnance Depot, Colonia Base Hospital, and the Quarter- 
master's Department located at the Port Newark Terminal. The 
supplying of these industries has made enormous demands on the 
generating system of the company so that at the present time 
about 80 per cent of the company's output in commercial power 
is for war work. 

One of the special methods adopted by the Public Service 
Electric Company in meeting war time demands, was that of 
furnishing the customer with primary service by the use of aeria] 
cable run on poles and supported by messenger wire, a type of 
construction similar to that used in telephone work. 

This type of construction was first used by the company about 
seven years ago when it was found necessary to connect two 
large generating stations through tie feeders. 

The matter of running overhead wire was considered but 
found impracticable because the line in several places would have 
to cross freight yards, trestles, and bridges, and the owners of 
these structures objected to open-wire high-tension lines. 

Most of the section between these two stations was soil of a 
marshy character, through which it would have been impossible 
to run a duct line without the use of foundation piling. 

It was therefore concluded that the use of aerial cable furnished 
the most satisfactory solution of the problem. Іп this installa- 
tion ordinary lead-covered cable of the same type as that used 
for underground work was run on a pole line with 50-ft. (15.2-m.) 
pole spacing. To protect the sheath from mechanical injury 
there was applied a covering consisting of several layers of jute 
and marlin with an outer armor of soft steel tape. 

The use of lead-covered cable for aerial work was found un- 
desirable, however, because of the excessive weight of the cable 
and the fact that it could not be installed on standard pole line 
construction, and a special form of cable was developed to over- 
come these objections. 
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In Fig. 1 is shown the modified form of cable for 13,200-volt 
operation, which is made up with 7/32-in. (5.5-mm.) paper con- 
ductor insulation, a 3/32-in. (2.3-mm.) paper jacket and a 
4/32-in. (3.17-mm.) reinforced rubber covering over the paper 
jacket. The reinforced rubber covering is similar in construc- 
tion to that of the ordinary garden hose, being made up of 
several plies of fabric and rubber. The entire cable is saturated 
with rubber compound and covered with tape and a weather- 
proof braid, thoroughly impregnated with a waterproofing com- 
pound. For mechanical protection, the whole core is encased in 
an armor made up of galvanized steel tape. The use of this 
form of construction reduces the weight of the cable approxi- 
mately 50 per cent and permits the use of lighter pole line con- 
struction. 

The process of manufacture of the reinforced rubber covering 


Jute 

Soft Steel Tape Armor 

4/35” Reinforced Rubber 

3 35 Paper Jacket 

7 99” Insulation (Paper) 

250,000 C. M. Conductor 

Jute or Paper Filler 
(Impregnated) 


Fic. 1—REINFORCED RUBBER COVERED AERIAL CABLE 


consists in calendering both sides of the cotton fabric, previously 
dried and waterproofed, with a 30 per cent Para rubber com- 
pound, so as to obtain a thorough filling of rubber, which, under 
the process of calendering, becomes partially vulcanized. The 
prepared fabric is then cut into tapes. "These are applied to the 
electrical conductor in the usual manner, all contact surfaces and 
interstices being filled with a rubber cement. The insulated 
conductor is then dried under moderate heat. According to 
whether the reinforced rubber covering is applied over an in- 
sulating layer of rubber compound, or a layer of cambric or 
paper, the finished cable may or may not be subjected to vulcan- 
ization. In the latter case, the partial vulcanization of the rubber 
in the reinforced rubber is further advanced during the drying 
process and during leading in the case of leaded cables; other- 
wise further vulcanization takes place with aging and under 
service. 
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The finished material is perfectly homogeneous. Its specific 
insulating and dielectric constants'are lower than those of rubber, 
paper and varnished cambric insulation, and for that reason, 
among others, it is preferable to combine a thickness of reiri- 
forced rubber with one of the other materials. By placing the 
reinforced rubber outside a thickness of a higher dielectric com- 
pound near the copper wire, the potential gradient is reduced so 
that the lower dielectric strength of the reinforced rubber does 
not materially decrease the total dielectric strength of the cable. 

Many engineers have been of the opinion that paper insulated 
cable with the reinforced rubber jacket would not give satisfac- 
tory service when subjected to the heat of the summer sun, but 
in spite of the fact that the cable is exposed to the elements 
throughout the year the Public Service Electric Company has 
never experienced a service interruption through the failure of 
any of the aerial cable in use in the transmission system. 

In Fig. 2 are shown several types of reinforced rubber multi- 
conductor cable with and without lead covering. : 

The following table gives approximate weights and outside 
diameters of three-conductor cables, insulated for 13,200 volt 
operation: ) 
APPROXIMATE WEIGHT AND DIAMETER 
ОР THREE-CONDUCTOR, 13,200-VOLT AERIAL CABLE 


Weight per Dia. 
Size foot-lbs. inches 


No. 4 3.50 2.25 
No. 2 4.05 2.41 
No. 1 4.45 2.50 

1/0 4) 80 2.57 
2/0 5.70 2.06 
4/0 6.70 2.91 
250,000 cm. 7.05 3.00 
350,000 cm. 8.50 3.22 


The principal advantage of aerial cable for tie feeder in- 
stallations is that it makes little difference how many working 
lines are carried or; a single pole line. Additional cable may be 
run, existing construction changed, transferred or repaired with- 
out taking out of service any line except the one on which the 
actual work is being done. Lightning discharges seem to have 
little effect because the messenger wire which carries the aerial 
cable is permanently grounded. 
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Fic. 2—REINFORCED RUBBER MULTI-CONDUCTOR CABLE 
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Fig. 3 shows a pole line carrying five 13,200-volt feeders. This 
line has been in operation for a period of over seven years with- 
out the occurrence of a single failure. 

The usual aerial cable installation requires the use of Class B 
chestnut poles, with a normal spacing of from 90 to 100 ft. (27 


to 30 m.). Where conditions make it necessary, sections as long 


as 150 ft. (45 m.) are permissible, but in such cases the adjacent 
sections should not exceed 130 ft. (39 m.). Sections longer than 
150 ft. (45 m.) should receive special attention, and Class А 
poles should be used on long sections and at points of special 
strain. The location and frequency of guys is largely depen- 
dent on local conditions and can, in most cases, be decided upon 
by а competent line superintendent. 


Messenger Strand 
to da: above. sil 


Fic. 4—METHOD OF SUSPENDING MESSENGER CABLE 


Attention is called, however, to the fact that the stress at 
dead ends and corners is very great, frequently being as much 
as 25,000 lb. (11,339 kg.). These points of special stress need 
to be well guyed. Both the anchors and the guys should be 
designed with a factor of safety so high that the messenger will 
fail before the pole will pull over. In all cases it will be necessary 
for guy stubs to be reinforced by an anchor guy. 

For the suspension of the messenger a double ended 5/8-in. 
(15.8-mm.) through bolt is recommended, as illustrated in Fig. 4. 
The use of a safety clamp is also desirable. This clamp serves 
the double purpose of reinforcing the through bolt and preventing 
the cable from falling to the ground in case the rings fail. Care- 
ful tests made on the method of suspension show that it will 
withstand the maximum loads to which it will be subjected. 
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The type of clamp used is similar to that used by the American 
Telephone and Telegraph Company, the size depending on the 
diameter of the messenger strand adopted. The clamp is de- 
signed expressly for construction of this character and is not 
built like a guy clamp which is designed to grip two strands 
instead of one. It affords a greater lever arm for the bolts to 
work upon in grasping the messenger and supports the messenger 
strand closer to the bolt, decreasing the bending moment on the 
bolt due to the weight of the cable. 

The messenger strand should always be placed above the bolt 
in order that the weight of the cable will not be supported by the 
clamp. Various forms of cable rings may be used in supporting 
the cable on the messenger wire. 

Where two or more cables are to be installed on a pole line, 


Fic. 5—CLAMPING CABLE TO MESSENGER ON STEEP GRADES 


they are usually suspended in pairs, two from each through bolt. 
The messenger wire is extra strength 5/8-in. (15.8-mm.), seven- 
strand, galvanized, steel wire. The wire composing the strand 
should be free from scale, inequalities, splints or other imperfec- 
tions, not consistent with the best workmanship. It is usual in 
purchasing galvanized steel wire of this character to have it 
conform to a specification covering the galvanizing. This is 
necessary as otherwise inferior grade wire might be obtained. 

It is very important that the messenger wire be drawn as 
tight as possible, in order to prevent sagging when subjected to 
the weight of the transmission cable. If this is not done, an 
unsightly installation will result. After the messenger wire has 
been given its final pull and properly dead-ended, the placing of 
the aerial cable is the next step. In pulling the cable up to the 
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messenger wire it is very important that precautions be exercised 
to prevent mechanical damage or excessive strains which would 
tend to weaken or damage the insulation. 

It is customary in aerial installations to ground the messenger 
strand. Where the soil 1s dry or soil conditions unfavorable for 
grounding, a ground connection should be installed at every 
second pole. Where the earth is damp and soil conditions are 
favorable, a ground should be installed at every fourth pole. In 
marshy ground and in places where conditions are particularly 
favorable, a ground at every eighth pole will be sufficient. Where 
possible, this ground connection should be well bonded to some 
metallic subsurface structure. 
If this is not possible, the stang- 
ard artificial pipe ground should 
\ 2/25 Hook be installed. 
| It is also desirable that the 
steel tape on the cable be 
bonded to the messenger strand 
| with bonding wire at every 
Marlin Loop cable joint, as proper bonding 
P is necessary in order to furnish 
WIN), Transmission Cable the required protection against 
| - lightning. Where cable is run 
through trees and likely to be 
damaged by abrasion it should 
be protected by several layers of 
galvanized tape similar to that 


later described for use in pro- 
Fic. 6—METHOD OF FASTENING 5 tecting the joint. 


Hooks To AERIAL CABLE 


In Fig. 5 is illustrated a 
method of clamping the cable to the messenger wire. On steep 
grades where the angle between the cable and the horizontal is 
greater than 30 deg. the use of such a cable clamp is recom- 
mended. This clamp can be made up as required and should 
be used on every fourth pole. It is designed to take the greater 
portion of the down hill pull on the cable, which otherwise 
would be carried by the cable rings. 

In erecting the cable, the first reel is set up in the usual manner 
and the cable run off to the first pole, at which is placed a sheave 
of approximately 12 in. (30 cm.) diameter, the top of the sheave 
being located about 5 in. (12.7 cm.) below the messenger wire. 
On the four or five succeeding poles similar sheaves or cable 
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rollers are placed, and in feeding out the cable 2.5-in. (6.35 cm.) 
“S” hooks, spaced 18 іп. (45.6 cm.) apart, are fastened to it. 
These hooks are fastened to the cable with a small piece of marlin, 
made up in a loop knot, as illustrated in Fig. 6. 

A lineman is stationed at each pole to change the “5” hooks 
from one side of the pole to the other, which process is repeated 
until the entire length of cable has been installed in place. 

The “5” hooks, which were used as.a temporary support, are 
now removed and permanent rings put in place. This is done 
by a lineman supported on a boatswain's chair, which is moved 
along the section supported by the messenger wire. 

In running the transmission cable, either a motor truck, horses, 
hand or power winch may be used. 

In the splicing of aerial cable, no special means are employed, 
but the usual precautions observed in the installation of under- 
ground cable. must be followed. The jointing of any cable 1s 
more or less a matter of individual experience and great care 
must be exercised in all cases to exclude moisture. The work 
should be carefully done by a reliable and experienced workman 
and no splicing should be undertaken when weather conditions 
are unfavorable. 

Each conductor of the cable is insulated with black bias-cut 
varnished cambric tape of a thickness of about 30 per cent greater 
than the machine applied insulation. Between each layer of 
tape, varnished cambric insulating compound 1s applied. After 
the individual conductors have been insulated a jacket of bias- 
cut black cambric tape, well painted between layers with an in- 
sulating compound, is applied to a thickness of 4/32-in. (3.17 
mm.). Over the jacket of cambric tape several layers of the 
best grade rubber tape, 5/32-in. (3.9 mm.) in thickness, are 
applied and painted between layers with a high grade rubber 
compound. The completed joint is then covered with three or 
four layers of friction tape well painted with rubber compound. 
The joint is then ready for the application of a soft stecl galvan- 
ized tape over which 15 finally applied an outer covering con- 
sisting of three or four layers of friction tape painted between 
the layers with a good grade of waterproof compound. 

Where it is necessary to make connection from an aerial cable 
to an underground system a standard form of lead covered cable 
is used and installed in a lateral pipe as shown in Fig. 7. The 
joint between the underground and aerial cable is made up in 
the manner just described, and there 15 slipped over thc joint a 
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Fic. S—AERIAL CABLE ENTRANCE TO SUBSTATION 
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lead sleeve, one end of which is wiped to the lead covered cable. 
The other end is well taped to prevent moisture from penetra- 
ting the cable. 

Two aerial cables entering a power substation are shown in 
Fig. 8. In this installation iron pipe laterals are run up the 
pole and underground lead covered cable is spliced on to the 
aerial cable as just described. 

While most of the existing circuits are operated at voltages 
under 15,000, the excellent results obtained with aerial cable has 
led the company to use this type of construction on all special 
work for operation at 26,000 volts. 

In Fig. 9 is illustrated а completed 26,000-volt aerial cable 
installation. It should be noted that this method of construc- 
tion permitted the erection of a high-voltage line without recon- 
structing the existing low-voltage open-wire distribution circuits. 

To keep the cable in good condition it is necessary to paint it 
every four or five years with some form of insulating paint. This 
serves to keep the outside jacket from disintegrating and protects 
it from the action of the elements. 

There is in service on the various transmission lines of the 
Company approximately 65,000 ft. (19,812 m.) of aerial cable 
operating at 13,200 volts and about 16,000 ft. (4,876 m.) either 
operating or in course of construction for 26,400-volt service. 

Fig. 10 illustrates a catenary method of installing aerial cable. 
The line so erected was built to furnish 3,000 kw. to a customer 
who required service within a few weeks after the signing of the 
contract. | 

It was impossible within this short length of time to obtain 
the standard aerial cable with reinforced rubber insulation, and 
it was found necessary to take ordinary lead covered cable out 
of stock. 

The erection of lead covered cable by the methods commonly 
used in installing aerial cable, on account of the weight and long 
pole spacing, would have resulted in throwing too great a stress 
on the messenger wire and lead cable. It was, therefore, decided 
to use the catenary form of construction so as to reduce the 
strain with the result that the transmission cable hangs perfectly 
level and without sag. 

In Fig. 11 is shown an illustration of aerial cable crossing under 
a railroad bridge and electric railway power circuits. Open 
air potheads or line terminals are installed between the cable and 
the open wire transmission conductors. No protection in the 
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form of lightning arresters is provided as after a number of years 
of operation without failure from any source, the cost of the in- 
stallation of arresters seemed to be unwarranted. 

Aerial cable construction is somewhat more expensive than 
ordinary open wire construction but its cost is less than that of 
an underground conduit system. As the costs of the various 
types are so largely dependent on local conditions, no compara- 
tive estimates will be given here. In general, the cost of an 
aerial cable line is about midway between underground and open 
wire construction. 

While this paper deals primarily with the use of reinforced 
rubber cables, there are numerous installations throughout the 
country where other forms of insulation have been used with 
satisfactory results. 

It is not the intention of this paper to recommend exclusively 
the use of reinforced rubber insulation, but primarily to bring 
out the fact that aerial cable construction may be used advantage- 
ously for power transmission, where open-wire construction would 
be undesirable and the time and cost of underground construc- 
tion would be prohibitive. 

Where line extensions have to be made over marshy ground 
which would require the use of foundation piling for a conduit 
line, over private property such as railroad freight yards, trestles 
or bridges where very special overhead construction would be 
necessary, or on important streets on which open wires are not 
permitted, and subway construction would be expensive or im- 
possible, aerial cable furnishes an ideal form of construction. 


To be presented at the 34th Annual Convention of 
the American Institute of Electrical Engineers, 
Atlantic City, N. J., June 26, 1918. 
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APPLICATION OF THEORY AND PRACTISE TO THE 
DESIGN OF TRANSMISSION LINE INSULATORS 


BY G. I. GILCHREST 


ABSTRACT OF PAPER 


The paper first gives a summation of the items that are ap- 
arently the main causes of pu ре insulator failures in service. 
ach item is thereafter briefly discussed and the opinions of 

operating men are cited. 

A brief description is given of the method used to determine 
the form of the dielectric field about porcelain insulators under 
normal line voltage. Diagrams of the dielectric fleld and photo- 
graphs of flash over tests of theoretical designs are shown. There- 
after, the necessary modifications of the theoretical designs, in 
order to meet operating and manufacturing conditions, are 
discussed. 

In the latter part of the paper, diagrams and illustrations are 
shown of a proposed type of commercial insulator design which 
has been evolved by linking together the theoretical and practi- 
cal phases of the problem. А comparison is then made between 
the older types of design and the proposed type, as regards the 
resistance of each to the conditions that cause failure of the in- 
sulator in service. 

In conclusion, a summary is made of the advantages it is be- 
lieved that the new type of design has over the present com- 
mercial insulator designs. 


INTRODUCTION 


SUALLY any design problem of engineering may be quite 
easily separated into two rather distinct phases. The one 
phase is termed ''theoretical" and infers that the service exper- 
ience, processes of manufacture, cost of materials, cost of manu- 
facture, etc., are placed secondary in importance in the search 
of an ideal design. The other phase is termed ''practical" and 
infers that the design has been evolved mostly from a consider- 
ation of service experience. It is generally conceded that a 
design evolved by either method may have certain advantages. 
The object of the following investigations has been to link 
together these two phases in a specific application, namely; the 
design of pin-type transmission-line insulators. | 
In order to save repetition, the present article will deal, for 
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the most part, with laboratory tests of various new designs 
and the comparison of these designs with those now in commer- 
cial use. The theoretical elements of the problem which laid 
the foundation for the following developments are clearly given 
in two papers published in the 1913 A. I. E. E. TRANSACTIONS. 
One paper, by C. Fortescue, is subjected The Application of 
Theorem of Electrostatics to Insulation Problems. The other, by 
C. Fortescue and S. Farnsworth, is subjected Air as an Insulator. 

Since an attempt will be made to deal with the practical and 
theoretical phases of the problem, two logical questions at once 
arise: 

First, are the insulator designs installed in service at the 
present time satisfactory? 

Second, can one type of design be developed that will be 
satisfactory in all localities? 

The first question is answered by a resume of current engineer- 
ing literature which offers convincing evidence that there is a 
field for improvement. А comparison of the flashover voltage 
versus overall dimensions and weight of the present insulator 
designs would seem to warrant an attempt toward uniformity. 
Furthermore, the divergence of certain characteristics of some 
designs from the average curves indicates that some of the 
designs must be far from efficient. | 

The causes of such chaos in the present day insulator designs 
are quite obvious and have been frequently stated. First of all, 
the progress in transmission engineering has been rapid. The 
expanding transmission companies demanded insulator designs 
which would offer a good factor of safety. There was no pre- 
vious operating experience to use as a basis in new developments 
and consequently it was often necessary for the transmission 
engineer to propose his own design. Moreover, the majority of 
our present insulator types were designed when the electrical 
and mechanical characteristics of porcelain were less under- 
stood than at the present day. Asa result, the type of design 
has fluctuated and various features were, at one time or another, 
accentuated as most important. That is, at one period a long 
leakage path was required, regardless of voltage distribution per 
shell from capacity current or leakage current; then again a 
high puncture voltage, than a high mechanical strength, and so 
on. Naturally, many mistakes were made and a large propor- 
tion of the older insulator designs have failed in service apph- 
cation. 
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CAUSES OF INSULATOR FAILURES 

The knowledge that certain insulator types have failed in 
service is of little value in the redesign of insulators unless actual 
conditions of service and cause of failure are known. Also, the 
cause of failure of a particular type in one locality should be com- 
pared to the cause of failure in other localities. Hence, before 
attempting to develop a new type of design, a study was made 
of available data on insulator deterioration and the opinions of 
operating engineers in various parts of the country were obtained. 

From discussions with these engineers, from published data 
on insulator deterioration, and from observations of insulators 
that had failed in operation, it would seem that the following 
items are the main causes of pin type insulator failures: 

_1. Improper distribution of dielectric field. 

2. Improper distribution of surface leakage. 

3. Porosity. 

4. Mechanical breakage. 

a. From handling. 

b. Mischievous shooting and stone throwing. 
c. Insufficient strength as a support. 

d. Brittle material. 

25. Lightning. 

6. Birds апа animals short-circuiting line. 

7. Unequal expansion of metal, cement and porcelain. 

8. Internal stresses in material. 

9. Defective batches. 

Items 3, 4d and 9 are the problems in which the ceramic 
engineer is vitally concerned and will not be considered further 
in this paper. These items have doubtless been of great im- 
portance in the past but more scientific and painstaking factory 
control must minimize them in the future. (“Electrical 
Porcelain", Electric Journal, February and March, 1918, by T. 
A. Klinefelter and G. I. Gilchrest). 

The manner in which these items have caused ultimate 
failure of certain designs are very briefly enumerated below: 

1. Improper Distribution of the Dielectric Field. Failure to 
consider the electrostatic field distribution as regards every 
part of the unit has resulted in designs which have an unequal 
voltage distribution per shell even when the unit is dry and clean. 
When the rain sheds are closely spaced the air between them is 
ionized with the result that preliminary discharges take place 
before flashover. Parts of the unit in the dielectric field are, 
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thereby partially short-circuited and other parts overstressed. 
Flashover voltage will, therefore, be low in relation to overall 
dimensions. These conditions are usually augmented as the 
insulator becomes dirty and wet. 

2. Improper Distribution of Surface Leakage. The most 
serious trouble from surface leakage is probably experienced on 
sections of line along the California coast, sections near Great 
Salt Lake, Utah, etc. Moreover, the climatic conditions of 
certain localities, especially where a “dry season” is followed by 
a “rainy season”, augments the difficulty. For example, 
along the California coast the insulator surface gradually be- 
comes coated with dirt during the “гу season” of the year. At 
night a strong breeze drives a fog containing more or less salt 
spray over the transmission lines. The dirt on the insulator 
surface then becomes moist and conducting and a rather high 
leakage current is often the result. Where wooden construc- 
tion is used, charring of the wood at points of highest ohmic 
resistance may take place, resulting in the burning of pins and 
cross arms. The leakage resistance per shell of many of the 
older designs are such as to give a very uneven voltage distribu- 
tion per shell under service conditions. Moreover, the voltage 
drop over the surface between closely spaced sheds often be- 
comes sufficient to cause static discharges between them. The 
effective leakage surface of the insulator is thereby decreased 
and the arcing imposes an electrical impact on the insulator at 
the same time. Of course, this same trouble occurs on sections 
of lines near factories, steam railroads, cement mills, smelter 
plants, etc., to a more or less degree. 

3. Porosity. The deterioration of porcelain insulators in 
service was given little consideration during the early days of 
transmission engineering. The majority of transmission 
engineers preferred an insulator having a porcelain body which 
offered a high resistance to mechanical breakage. As a conse- 
quence, the porosity of the material, which varies inversely to the 
mechanical strength as regards resistance to mechanical impact, 
was considered of secondary importance. The results that the 
condition has caused in service have been clearly presented 
before the Institute by Professor H. J. Ryan.! 

4, Mechanical Breakage. Mechanical breakage has been a 
frequent source of annoyance, and has worked havoc in a number 
of ways. 

1. “Ceramics in Relation to the Durability of Porcelain Suspension 
Insulators.” A. I. E. E. TRANSACTIONS, Vol. XXXV, 1916. 
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(a) The deep thin sectioned sheds are easily broken in 
handling. This results in a loss of insulator units. What is 
of more importance, the danger of installing defective units 15 
considerable, since many fine cracks may pass the usual con- 
struction crews’ inspection. 

(b) Some of the operating engineers, especially those 
located in the middle West, or near mining camps, claim that 
80 to 90 per cent of the defective insulators removed from the 
line were first injured by rifle shooting or stone throwing. 

(c) Many designs are not sufficiently strong as a support 
due to the thin sections of porcelain and small area under 
mechanical stress, or to the fact that the deep center shed 
necessitates a high pin. Such designs fail in service when un- 
usual stresses occur, such as are caused by sleet storms, by 
poles giving way during freezing and thawing of the ground, or 
heavy rains, etc. . 

5. Lightning. It is generally conceded that a direct stroke of 
lightning will destroy any insulator that comes within its wake, 
However, some of the older designs, especially those having deep 
nner shells and heads of large diameter, were very vulnerable 
to any sudden impact voltage. In the first place, the impulse 
ratio (flashover voltage at high frequency divided by flashover 
voltage at normal frequency) of such insulators is rather high 
and in the second place the ratio between flashover voltage in 
air and puncture voltage under oil is comparatively low. 

6. Birds and Animals Short-Circutting Line. Some trans- 
mission companies have found it necessary to place shields on 
the poles in certain sections in order to prevent squirrels climbing 
the poles and short-circuiting the lines. In other localities it 
has been necessary to increase the height of insulator pins or 
the wire spacing in order to prevent cranes, eagles, etc., from 
short-circuiting or grounding the line. 

7. Unequal Expansion of Metal, Cement and Porcelain. In 
many cases solid metal pins or heavy cast thimbles have been 
cemented into the insulator. Apparently the equal expansion 
of the metal, cement and porcelain has caused the cracking of 
the porcelain and ultimate failure of the insulator. 

8. Internal Stresses in the Material. Corners of small radii 
and non-uniform sections of the porcelain shells have possibly 
produced internal stresses in the material during the manu- 
facturing processes and these have developed cracks later on in 
service. Also, the relation between the shape of the shells in 
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the cemented area and the shape of the cemented area itself has 
been such as to allow the full effect of unequal expansion of the 
porcelain and cement which is caused bv temperature changes or 
absorption of moisture. 


INvESTIGATION ОЕ DiELECTRIC FIELD 


' In the papers of Fortescue and Farnsworth, several insulator 
forms were evolved mathematically, and the dielectric field ex- 
plored by means of an electrolytic bath. It was believed that 
the data from which these papers were written in conjunction 
with the available data of other investigators, of both analy- 
tical and experimental nature, afforded sufficient basis from 
which to formulate preliminary designs.’ 

After a careful summation of the data at hand, it seemed that 
the logical method of attacking the problem would be to have 
several theoretical insulator designs produced out of a usual 
commercial porcelain body. The dielectric field of these should 
then be investigated under a voltage of approximately the same 
value that would be impressed in service. Thereafter practical 
considerations, such as deterioration of the various commercial 
units in service, manufacturing limitations, etc., should be taken 
into account with the intent of arriving at a compromise between 
the theoretical and practical features. 


METHOD OF DETERMINING FORM OF DIELECTRIC FIELD 


The dielectric field was determined by the following pro- 
cedure: The insulator was fastened rigidly in a position such 
that the plane of the field to be determined extended horizontally. 
A piece of fullerboard was fitted over a half section of the in- 
sulator in this plane. In all cases the apparatus was so arranged 
that the cross-arm supporting the insulator was grounded as in 
service where steel construction is used. Fincly divided as- 
bestos was then sifted evenly onto the sheet of fullerboard; 
voltage at 60 cycles of the desired value applied, and the sheet 
was gently tapped until the particles had adjusted themselves. 
Permanent records were obtained by placing a sheet of photo- 
graphic printing paper over the fullerboard, obtaining the field 
as above, and exposing the paper after the particles had become 
arranged. 

- 2. “Distribution of Potential about High Voltage Line Insulators,” by 
C. T. Allcutt and W. K. Skolfield. Journal of Electricity, Power and Gas, 


June 17, 1916. Electrostatic Problems, by C. W. Rice. А. I. E. E. 
TRANSACTIONS, Vol. XXXVI, 1917. 
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That the stronger portion of the field around an insulator was 
not disturbed materially bv the presence of the fullerboard or 
the asbestos particles was proven by suspending a piece of finely 
drawn glass in parts of the field by means of a silk fibre supported 
by small insulated rods. As nearly as could be checked, the 
glass indicated the same direction of the field as the asbestos 
particles. | 

THEORETICAL INSULATOR DESIGNS 

The dielectric fields of five theoretical designs were deter- 
mined. Wherever a customary transmission cross-arm and line- 
wire are used, there are two principal planes of the dielectric 
field which show the greatest difference, t.e., the plane of the 
cross-arm and the plane of the line wire. These two planes are 
90 degrees apart and in passing from one to the other the trans- 
ition is gradual. During the investigation, recórds were taken 
of the dielectric field of these two principal planes and of a plane 
midway between the two. In this paper the diagram taken in 
one plane of the unit is usually shown. Diagrams of three 
planes of two designs are shown in order to illustrate the varia- 
tions that occur. The plane in which the particular field was 
taken is indicated by the reduced top projection at the upper | 
left portion of each figure. 


DIELECTRIC FIELD FORMS AND ILLUSTRATIONS OF THEORETICAL 
DESIGNS 


Fig. 1 shows the field form of a bushing having dimensions 
of ring and rod chosen such as to give maximum breakdown 
voltage over the surface for the mean diameter of torus ring. 

Fig. 2 shows a 60-cycle flashover on bushing of Fig. 1. 

Fig. 3 gives the field form of a design using a confocal 
svstem of ellipsoids and hyperboloids of revolution. 

Fig. 74, 60-cycle flashover on shape shown in Fig. 3. 

Fig. 4, field form between special metal cap and pin as might 
be used as terminals of a line insulator. 

Fig. 7B, 60-cycle flashover between cap and pin as shown in 
Fig. 4. 

Fig. 5, field form of line insulator without rain sheds. 

Fig. 7c, 60-cycle flashover on shape shown in Fig. 5. 

Fig. 6, field form of pin type insulator, the porcelain of which 
has a curvature similar to that of Fig. 5. However, the porce- 
lain body is separated into thtee sections and metal rainsheds 
added to give wet arcing distance. 
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Fig. 7p, 60-cycle flashover on unit given in Fig. 6. 
In Table I are given the length of path over the insulator 
surface between electrodes and the 60-cycle flashover voltage. 


TABLE I 
Effective kilovolts 
Shape in figure Length of surface flashover voltage 
LEN ынаны XEM CIIM E XO 
Inches Centimeters Total Per inch centimeter 
1 4.25 10.8 87 20.4 8.1 
7a 6.5 16.5 148 22.8 9.0 
7c 8 20.3 115 14.4 5.7 


From a consideration of Table I it is evident that a flashover 
value of between 20 and 23 kilovolts per inch (8 and 9 kilovolts 
per centimeter) of surface may reasonably be expected if the unit 
is designed with contours of the surfaces approximating the flow 
lines of the dielectric field. Of course, the flashover on the unit 
without rain sheds is somewhat lower, being 14.4 kilovolts per 
inch. The lower flashover on this unit is due to two conditions, 
. 4.e., the porcelain surface does not follow the dielectric field in 
all planes and the small tie wire produces corona and subsequent 
static discharges at a relatively low voltage. Placing a static 
shield on the top of this unit increased the flashover voltage 18 
per cent. 

With the ficld form between cap and pin as given in Fig. 4, 
and the voltage values given above in Table I, theoretical in- 
sulator designs could be determined for such electrodes. Such 
designs should follow surfaces indicated on Fig. 4, as (a) and (0). 
The highest flashover voltage using a given weight of insulating 
material would thereby be obtained. Moreover, the flashover 
voltage of such a unit could be closely approximated if the elec- 
trodes have sufficient radius of curvature at points of contact 
with the insulating material and a good scal is made between 
the metal and the insulating material. 


MODIFICATIONS OF THEORETICAL DESIGN TO MEET OPERATING 
. AND MANUFACTURING CONDITIONS 


Insulators based on such theoretical data would be excellent 
from the electrical and mechanical standpoints if they were to 
operate in clean, dry air. However, the commercial insulator 
must maintain the transmission system during the heaviest of 
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snow and rain storms. Moreover, it must have sufficient 
leakage distance to prevent flashover or even high power loss 
from surface leakage when the surface becomes dirty and wet. 

The production of one-piece insulators for high-voltage ser- 
vice, although possible, would be costly. Also, the puncturing 
voltage of a one piece unit would be low for a given thickness, 
since the stress in an insulating material between metal elec- 
trodes of different potential varies as a logarithmic function. 
The separation of the unit into parts that are cemented together, 
more uniformly distributes the stress of the dielectric if the unit 
is properly designed. It also decreases the probability of com- 
plete failure of the insulator and facilitates factory production, 
lessening the cost of the commercial unit. 

The use of a special cap would be desirable from a dielectric 
standpoint. However, the voltage characteristics under rain 
are the same whether the usual line and tie wire or a special cap 
are used. Moreover, the cost and ease of replacement, cost of 
construction, etc., favor the line and tie wire construction. 


PRoPOsED CoMMERCIAL INsULATOR DESIGN 


With the above limitations of the theoretical designs and the 
causes of insulator failures in mind, the type of unit indicated in 
Fig. 8 was evolved. 

Summed up briefly this type of design embodies the following 
features: 

1. Surfaces a conform to the flow lines of the electrostatic 
field. 

2. Surfaces b of the rain sheds conform to the equipotential 
surfaces. 

3. Lines of mechanical stress are parallel to the electrostatic 
flow lines. 

4. The leakage resistance per shell is about equal, being in- 
creased gradually from the head to the center shell. 

9. Approximately equal capacity per shell. 


COMPARISON WITH OLDER DESIGNS 


It is not possible to much more than indicate in the following 
discussion the methods employed to compare the proposed type 
of design given in Figs. 8a and 85 with the older commercial in- 
sulators. Samples of various commercial designs were produced 
and were subjected to rather thorough laboratory tests at the 
same time tests were made on insulators of the proposed design. 
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It should be noted that the insulators of the new type used in the 
comparative tests do not exactly correspond to the proportions 
of Fig. 8. In order to lessen the cost of investigation, insulator 
sheds of several diameters were obtained from one set of molds 
by trimming the individual shells before burning. This also ac- 
counts for the unfinished appearance of the edges of sheds, etc., 
in some of the experimental designs. 

In the following comparison it is not assumed that the evolved 
design should be final in each detail. The main goal toward 
which work is being directed is uniformity of all the elements 
entering into the designs with the idea in view of arriving at a 


Fic.! 8A—THREE-PIECE INSULATOR OF THE PROPOSED ТУРЕ ОЕ DESIGN— 
INSULATOR А 


type of design which will be equally successful in resisting failure 
in service whatever the requirements are in that particular 
section. In the following comparisons the items causing 
failure in service are discussed in the order given at the beginning 
of the paper. 

l. Dielectric Field Distribution. The shortest air path under 
electrostatic stress should be at least long enough to prevent 
overstressing of the air at any point. In the theoretical dis- 
cussions referred to in the introduction it was proved that 
wherever porcelain and air are in series in a dielectric field the 
voltage gradient per unit distance through the porcelain will be 
14 10 1/5 ће voltage gradient through the air. It is obvious that 
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any thin section of air between porcelain sheds of a customary 
line insulator will be over-stressed even at the normal line 
voltage of the insulator. 

In order to make a comparison of the dielectric fields of various 
insulators, their field forms were determined as in the investi- 
gation of the theoretical designs. It is believed that the follow- 
ing field forms and illustrations sufficiently indicate that many 
present types have not been designed with a full appreciation of 
the advantages of shapes that conform to the electrostatic flow 
lines in obtaining the most efficient distribution of the stresses 
in the dielectric field. 

Fig. 9 (insulator C) gives the dielectric field of a unit of the 
type used in the early developments of high-voltage trans- 


Fic. 8B—Two-PIECE INSULATOR OF THE PROPOSED TYPE OF DESIGN 
—INSULATOR B 


mission. The air between sheds just below the cement section is 
highly stressed. Because of the height of the pin in proportion 
to other dimensions of the unit the stress toward the base of 
the pin and the supporting cross arm is very low. Moreover, 
the third shell of the insulator is spaced so close to the insulator 
pin that it does not take its proportion of voltage stress when 
either dry or wet flashover occurs. 

Fig. 10 (insulator D) shows the dielectric field of a three 
piece insulator of a somewhat more recent design. The center 
shed is better spaced than in insulator C. However, the air 
just below the cement sections is highly stressed and the short 
rain shed of the second shell gives an unequal voltage distribution 


at flashover, dry or wet. 
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Figs. 11, 12 and 13 (insulator E) show the dielectric field of a 
four-piece unit of comparatively recent design. The sheds of 
this design are more uniformly spaced, but the air between 
sheds just below the cement sections is highly stressed. The 
stress throughout the dielectric field of this unit is an in.prove- 
ment over the types С and D. However, the short seccad shed 
and protected fourth shed give unequal voltage distribution at 
flashover dry or wet. 

Figs. 14, 15 and 16 (insulator F) show the dielectric field of a 
unit of the proposed design. Тһе shortest air ath between 
shells is sufficient so that the air is not overstressed at working 
voltage of the insulator or until flashover occurs. Moreover, 
the rain sheds are so spaced that each section of the unit takes 
its share of the stress at flashover, dry or wet. 

Fig. 17 (insulator G) shows the dielectric field of a unit similar 
to insulator F, but having rain sheds of greater diameter. The 
diameter of the head of this unit is probably out of proportion 
and greater than would be most satisfactory for service. How- 
ever, the stress in the dielectric is well proportioned and the 
voltage distribution per shell at flashover, drv or wet, is fairly 
well proportioned. 

Fig. 18 (insulator F) shows the dielectric field of the insulator 
having upper surfaces of the rain sheds covered with a conduct- 
ing paint. This field form which approximates the rain con- 
ditions indicates that the stress per shell on the unit during rain 
would be approximatelv equal. Moreover it indicates that the 
stress in the diclectric field 1s more uniform during rain. 

Fig. 19 (insulator F) shows the dielectric field of the insulator 
when equipped with Nicholson Arcing Rings, and indicates 
that the most highly stressed portion of the field about the in- 
sulator is not changed. However, the most highly stressed 
portion of the field between the line wire and cross arm is now 
between arcing rings and flashovers would, therefore, occur 
between rinys. 

Fig. 20 (insulator F) shows the dielectric field when static 
shields are placed at the top and base of the insulator. This com- 
bination would give a verv fine distribution of stresses in the 
dielectric but would be rather expensive commercially. 


60-CycLE FLASHOVER TESTS 


Flashover on most of the older insulator types is caused by the 
corona formation at the line and tie wires and the edges of the 
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cement joints between shells. As the voltage applied to the 
insulator is increased, the area of the corona formation in- 
creases and static streamers gradually spread over the surface of 
the insulator sheds. The static streamers increase in length un- 
til the air insulation between them finally fails and flashover 

| follows. Obviously, the path of 
the flashover will start along 
the path of these streamers and 
thus trouble may be caused by 
the intense heat of the power arc 
and rain sheds may be stripped 
from the insulator. 

In the proposed type of de- 
sign there are no static streamers 
from the edges of the cement 
section between shells up to 
flash-over voltage. The corona 
formation at the tie and line 
wires therefore, builds up until 
flashover occurs by breaking down an air path between the line 
and pin or cross arm. The proof of these statements may be 
seen in the following illustrations. The axes of the two units 
-in each of the following figures giving comparative flashovers 


Fic. 21A—INSULATOR 1 


а = -6--4 


Fic. 218—INsuLATOR К Fic. 21c—INsuLATOR H 


were at the same distance from the camera lens and hence 
the dimensions are directly comparable. 

Figs. 22 and 23 show illustrations of dry and wet flashovers 
respectively, on insulators G and H. The design of insulator H 
is given in Fig. 21c. 

Fig. 24 shows an illustration of wet flashover on insulators J 
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and I. The design of insulator J is given in Fig. 214. In- 
sulator J is of the proposed type similar to the unit given in 
Fig. 8. 

Fig. 25 illustrates of one of the early types of high-voltage in- 
sulators and insulator J in parallel. The finer lines over the 
surface of the old type unit are preliminary static discharges. 
The final power arc passes from the left of the insulator head 
around in front of and finally to the pin at the back of the 
insulator. 

Fig. 26 shows insulator Fin parallel with the unit of early design 
shown in Fig. 25, and shows the corona formation and static dis- 
charge over the head and between the head and second shell of 
the old type unit. The camera exposure was } of a minute 
at F-8. 

The difference in the stress in the air around the insulators 
just below flashover voltage dry was very marked. Insulators 
F, G and J of the proposed type of design showed no appreciable 
corona except at line and tie wires until flashover occurred. 
Flashover occurred from tie wire or line wire to pin or cross arm, 
there being no tendency for the arc to start between the rain 
sheds. Considerable corona formation and static streamers 
could be dectected on insulators E, Н and I. Static streamers 
began to spread out over the surfaces between shells of in- 
sulators Н and I at 80 per cent of flashover voltage, and unless 
these units are mounted on rather low pins the power arc holds 
close to the insulator surfaces. Of course, the old type design 
of Figs. 25 and 26 has been entirely superseded but these two 
figures clearly indicate the entire neglect of a consideration of 
the dielectric field. 

The difference of distribution of stress before wet flashover is 
even more noticable. In insulator E, G, H and I the unequal 
spacing of rain sheds and consequent unequal wet arcing dis- 
tances, combined with a highly stressed air between the sheds be- 
low the cement sections produces preliminary discharges 
(marked p) between rain sheds. These preliminary discharges 
throw electrical impacts onto parts of the insulator and short 
circuit portions of the porcelain between the line and pin. Con- 
sequently, when a line surge occurs during a rain storm or when 
the unit is wet and dirty the factor of safety of these insulators 
in resisting puncture or flashover is actually no more, and some- 
times is less, than it would be minus one of the shells. 

Insulators F, G and J of the proposed design show no prelimi- 
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narv discharges except static from tie or line wires to pin or cross. 
arm. Static discharges (marked s) are shown on each of these 
units. All of the leakage surface and thickness of porcelain 
between line and pin are, therefore, effective up to failure bv 
flashover. 

2--5иғ/асе Leakage. As previously stated, the leakage sur- 
face of many of the older designs gives a very uneven voltage 
distribution per shell. Table II gives the resistance per shell of 
various insulators tested during this investigation. The values 
were obtained by an integration of the surface, t.e., surface re- 


sistance equals S where d s 15 an element of surface and ` 


ds 
27 
y the radius of that element from the axis of the insulator. 

It is obvious from this table that certain of the older designs 
especially those having a short second shell, long inner shells, 
etc., have a very unequal surface resistance per shell. If 
the insulator surface becomes dirty and wet so as to pass a leak- 
age current of even a thousandth of an ampere the voltage dis- 
tribution would depend upon this current and the capacity current 
could be neglected. The voltage gradient over the insulator 
surface thus often becomes sufficient to cause discharge between 
sheds and pin or cross arm or over the short sheds. Ап electri- 
cal impact 1s therebv applied to parts of the insulator and portions 
of the porcelain body between line and pin are short circuited. 
It is believed that the continued overstressing of parts has been 
the cause of many insulator failures in the past. 


TÀBLE II 
SURFACE RESISTANCE PER SHED IN PER CENT OF TOTAL RESISTANCE 


Number of shed 


Insulator 
First Second Third Fourth 
A 28 30 42 
B 45 55 ЗЕ ks 
Е 14 13 32 41 
Е 26 29 45 , 
G 26 31 43 
H 18 29 48 
| 1 12 16 32 40 
K 15 11 30 44 


The surface resistance of the proposed designs as typified by іп- 
sulators А and B in Table II is gradually increased from the top 


586 GILCHREST: LINE INSULATORS [June 26 


to center shells, the increase being considered as an advantage 
since the center sheds will usually become dirtiest. 

A novel feature of the proposed design is illustrated in Fig. 27 
showing insulators D, E, F and H. "These units were set on a 
cross-arm line, and tie wire attached as in service, voltage ap- 
plied and plaster of paris dust blown around them. The surfaces 
along the lines a of the proposed design (Fig. 8) arc practically 
free of dust. 

The reason for this is quite apparent. All the force acting in 
the dielectric field along this surface a is tangential and would 
tend to force the particles to the sheds above or below. The 
same action was noted when the units were subjected to atomized 
salt water. This feature would doubtless have some value in 
dust laden sections since the dust would tend to settle mostly on 
the lower shed and rain and wind would clean this to some extent. 

It is necessary to clean the insulators in long portions of line 
in certain sections of country as thc coast districts of California. 
It is very apparent that the proposed type of design may be 
cleaned much more readily and thoroughly than anv of the older 
types. 

3. Porosity. As denoted previously, the porosity of porce- 
Jain is a specific problem of the ceramic engineer rather than the 
designer. As clearly pointed out in a recent paper? by Prof, 
Rvan we apparently have no method of detecting the very 
slightly porous material which may cause trouble. Since por- 
osity is a function of the body composition, manufacturing pro- 
cess and burning, even with the most careful production and 
testing, a small amount of this slightlv porous material is not 
detected. The thicker portions of the porcelain in the ce- 
mented arca of the proposed {уре of design should minimize 
the number of the pieces that will give trouble later in service. 

4. Mechanical Breakage. 

(a) From Handling: The increase of thickness of the rain 
sheds and addition of a drip edge will materially decrease the 
percentage loss from this cause. 

(b) Mischievous Stone Throwing and Rifle Shooting: (1) 
The following photographs give comparative flashover voltages 
dry and wet on units having various rain sheds broken by throw- 
ing a small weight at the insulator. Figs. 22 and 23 show the 
dry and wet flashovers on insulators G and H respectively. 
Table III gives the flashover voltages of broken units in per 


*loc. cit. 
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cent of flashover of the unit when unbroken. Reference to 
illustrations is made in the Table. Fig. 24 shows the wet flash- 
over on units J and J. "Table IV gives comparative flashovers of 
broken units, as in Table III. 


TABLE III 
Sheds broken... | Тор Second | Second and third 
Illustrated in Fig. 28 29 30 31 
Dry or wet...... dry wet dry wet dry wet 
Insulator G..... 85 80 100 100 68 74 
Insulator H..... 79 77 82 97 54 70 
TABLE IV 
Sheds Broken........ | Тор | “Тор and third x All sheds 
Photographs in РЁщ....................................... 32 
Dry or wet........... | dry dry dry wet 
Insulator J........... 87 78 59 30 
Insulator [........... | 85 70 34 15 


As would be expected from a study of the dielectric field, 
diagrams the breaking of the second shed of the proposed type 
of design has practically no effect upon the flashover values of 
the insulator. In fact, as shown іп the illustrations, the paths of 
the dry and wet flashovers did not follow over the broken shed. 
When sheds are broken, the corona formation and static streamers 
build out over the surface of the older type of design at a lower 
voltage than when the units are intact. The paths of flashover 
over these alder types, therefore, follow the surface of the in- 
sulator. In the proposed type of design the absence of streamers 
from the porcelain surface causes the arc to keep clear of the in- 
sulator. A power arc will, therefore, be less liable to cause 
complete failure of a broken unit of the proposed design. 

One of the most important features of the proposed design is 
that when the units are hit by stones, etc., the rain sheds will not 
crack or break beyond line a Fig. 8, due to the shape of the in- 
dividual parts. The rain sheds of the older types of designs 
when hit are very likely to crack or break up into the cemented 
section. The first voltage surge or even normal line voltage 
will, therefore, often puncture the remaining shells. In fact, in 
the two series of tests photographed, both the older type of units 
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punctured during the dry arcover after sheds were broken. 
Static streamers shot over surface of insulator H in Fig. 31 and 
then puncture occurred. Insulator J, Fig. 32, flashed over апа. 
then punctured before the circuit breaker of the testing trans- 
former operated. 

(2) One each of units H, J and K and two of J were sub- 
jected to rifle shots. Twenty-two caliber long bullets were 
shot at the insulators from about 30 yards distance and in a 
line at 45 deg. to their axes. The following photographs show ` 
the comparative breakage and the ability of the broken units to 
thereafter withstand electrical test. The shooting was done by 
men disinterested in the design of the insulators and they were 
requested to do as much damage as possible. 

Fig. 33 shows insulators J and J after 15 shots were fired at 
each. The top, second and third shells of J were broken, the 
second shell being cracked into the cemented section. The 
second shell of J was chipped in two places, the rest of the іп- 
sulator being intact. Fig. 34 shows insulators H, K and I 
after 14 shots were fired at Н, 12 at К and 28at I. Thesecond 
and center shells of H were cracked and the center of K. The 
sheds of J were chipped off in a few places but the shells were 
not cracked. These five units were than set with their axes at 
right angles to the line of fire. Not more than 5 or 10 shots 
were necessary to strip the main part of the remaining sheds 
from Insulators H, K and I while one unit of type J still re- 
tained a considerable portion of its sheds after approximately 
100 shots had been fired at it. The sheds remaining on the two 
units J were then knocked off by a hammer, to illustrate to those 
present that the surface of the insulator that follows flow line a 
would not be cracked thereby. 

Fig. 35 shows the first dry flashover test made on these units 
after the shooting. Units Н, К and I punctured at voltage of 
33, 43 and 56 kilovolts, respectively. Unit J flashed over at 105 
kilovolts, the remaining porcelain body bounded by line a still 
being intact. 

(C) Insufficient Strength as a Support: Two samples as 
per Fig. 36, were tested to determine the resistance to side pull, 
In each case load was applied at the wire groove which was one 
foot from the base of pin. The parts from which insulator L 
was formed were obtained by trimming off the rain sheds of in- 
dividual shells of unit J before burning and the mechanical test 
should, therefore, be about the same as of unit J. The pin of 
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unit L was cemented directly into the insulator. А separate 
pressed steel thimble was cemented into insulator F. The one- 
inch bolt of the pin cemented into insulator L failed at 4400 ft-lb., 
and 3100 ft-lb. bent the pin of insulator Fas shown, the position 
of insulator being such that additional load could not be applied... 
Both units were electrically intact after these tests. 

(d) Brittle Material. All units used in these comparative 
tests were made of the same porcelain body and hence the ques- 
tion of brittleness, which is a ceramic problem, does not enter.. 

5. Lightning. The impulse ratio of the proposed design is. 
: lower than that of most of the older types of design. The 
actual value has not been determined. This statement is based 
on tests of the proposed design in parallel with older types. 
The old types of design were set on a pin of such height above 
the cross arm as to cause the old type of unit to flash over when 
set up alone at a voltage slightly greater than that of the pro- 
posed type of design alone.. When tested in parallel the static. 
discharges over the porcelain surface of the older type would 
often cause the proposed type to flashover first. | 

Furthermore, the body of the porcelain bounded by the flow. 
lines a should have an impulse ratio close to one. A very high 
impulse voltage might, therefore, puncture. through the rain. 
sheds of the insulator leaving this body of the unit intact. The 
thicker section of porcelain between line and pin will also. 
materially increase the factor of safety of the unit. : | 

(6) Unequal Expanion of Metal, Cement and Porcelain. 
The introduction of a resilient material between tops of shells . 
should eliminate the tendency of certain older designs to split 
off. Greater radii of curvature at the tops of the insulator 
shells and a cement section sloped from the axis should tend to. 
eliminate the trouble from any difference of coefficient of ех- 
pansion of the porcelain and cement. 

(7) Internal Stresses 1n the Material. Internal stresses set 
up in the insulator parts during manufacture should be very 
much decreased by the elimination of small radii in corners and : 
sudden changes of cross section of the material. 


CONCLUSIONS 
Briefly stated, it is believed that the advantages of the pro- 
posed type over the older commercial types in resisting failure 
in service would be as follows: 
1. When the insulator is dry, the corona and static forma- 
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tions are practically limited to the tie wire and line wire up to 
flashover voltage. . 

2. When the insulator is wet, no corona or static formation 
occurs up to flashover voltage. The flashover voltages for 
given overall dimensions are thereby increased. 

3. The leakage resistance per shell is increased gradually 
from the head to the center shell. This takes into account the 
probability of the lower sheds becoming dirtier than the tops. 
The voltage distribution per shell is, therefore, equal when the 
insulator becomes dirty and wet and a heavy leakage current 
passes over the insulator. 

4. Since the capacity per shell is about equal, the voltage 
distribution per shell will be equal when the insulator is clean 
and in dry air. 

5. Since the distribution of voltage per shell depends upon 
the capacity current and leakage current, the distribution of 
voltage per shell in these designs should be approximately cqual 
under all operating conditions. 

6. The resistance of thc insulator to side pull for a given 
weight and given electrical strength is relativelv high. This is 
due to the feature of the design whercby the flow line a of thc 
electrostatic field and the mechanical stress lines coincide. 

7. The design of the individual shells is such that when they 
are tested before assembly the surface conforms to the electro- 
static flow lines a. This allows testing of the individual parts to 
a higher percentage of service voltage than was possible in case 
of the individual shells of older designs. 

8. Dueto the shape of individual parts and of the assembled 
unit, the insulator sheds when hit by stones, riflle, balls, etc., do 
not break beyond surface a. The unit, therefore, offers a con- 
siderable percentage of its original resistance to flashover after 
the sheds are broken. The same feature tends to protect the 
insulator from complete failure during flashover in service. 

9. Each characteristic of the insulator which would vitally 
affect durabilitv in service has been treated uniformly АЕ 
out the linc. 
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AMERICA’S ENERGY SUPPLY 


BY CHARLES P. STEINMETZ 


ABSTRACT OF PAPER 


The gist of the paper is to demonstrate that the economical 
utilization of the country’s energy supply requires generating 
electric power wherever hydraulic or fuel energy is available, and 
collecting the power electrically, just as we distribute 1t electrically. 

In the first section a short review of the country’s energy sup- 
ply in fuel and water power is given, and it is shown that the 
total potential hydraulic energy of the country is about equal to 
the total utilized fuel energy. 

In the second section it is shown that the modern synchronous 
station is necessary for large hydraulic powers, but the solution 
of the problem of the economic development of the far more num- 
erous smaller waterpowers is the adoption of the induction gener- 
ator. However, the simplicity of the induction generator station 
results from the relegation of all the functions of excitation, regu- 
lation and control to the main synchronous station. The eco- 
nomic advantage of the induction generator station is, that its 
simplicity permits elimination of most of the hydraulic develop- 
ment by using, instead of one large synchronous station, a number 
of лош generator stations and collecting their power elec- 
trically. 

The third section considers the characteristics of the induction 
generator and the induction-generator station, and its method of 
operation, and discusses the condition of 'dropping out of step 
of the induction generator” and its avoidance. 

In the appendix the corresponding problem is pointed out with 
reference to fuel power, showing that many millions of kilowatts 
of potential power are wasted by burning fucl and thereby degrad- 
ing itsenergy, that could be recovered by interposing simplesteam 
turbine induction generators between the boiler and the stcam 
heating systems, and collecting their power electrically. It is 
shown that the value of the recovered power would be an appre- 
ciable part of that of the fuel, and that organized and controlled 
by the central stations, this fuel power collection would improve 
the station load factor, give the advantages of the isolated plant 

_ without its disadvantages, and produce a saving of many millions 
of tons of coal. 


I. The Available Sources of Energy 


А. Соль 
HE only two sources of energy, which are so plentiful as to 
come into consideration in supplving our modern industrial 
civilization, are coal, including oil, natural gas, etc., and water 
power. 


* Manuscript of this paper was received April 9, 1918. 
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While it would be difficult to estimate the coal consumption 
directly, it is given fairly closely by the coal production, at 
least during the last decades, where wood as fuel had become 
negligible and export and import, besides more or less balancing 
each other, were small compared with the production. Coal 
has been mined since 1822, and in Fig. 1 is recorded the coal 
production of the United States, from the governmental reports. 
The annual production is marked by circles, the decennial 
average marked by crosses for every five years. Table I gives 
the decennial averages, in millions of tons per year. 


TABLE I 
AVERAGE COAL PRODUCTION OF THE UNITED STATES 


(decennial average) 


Year Million tons [Рег cent increase 
per year per year 

1825 0.11 re 
30 0.32 22.4 
35 0.83 19.7 
40 1.92 17.0 
45 4.00 14.5 
50 7.46 10.45 
55 10.8 8.35 
60 16.6 8.72 
65 25.9 9.22 
70 40.2 8.58 
75 56.8 7.42 
80 82.2 7.95 
85 122 6.80 
90 160 5.40 
95 206 5.75 

1900 281 6.96 
05 404 6.60 
10 532 SENS 


In Fig. 1 the logarithms of the coal production in tons are used 
as ordinates. With this scale, a straight line means a constant 
proportional increase, that is, the same percentage increase per 
year, and in the third column of Table I are given the average 
percentage increase of coal production per year. К 

This Fig. 1 is extremely interesting by showing the great ü ir- 
regularity of production from year to year, and at the same time 
a very great regularity over a long period of time. Since 1870 
the average production may be represented by a straight line, 
the values lying irregularly above and below the line, which 
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represents an annual increase of 6.35 per cent and thus repre- 
sents the average coal production! C by the equation 
C = 45.3 X 10 9.0267 671870 million tons 
ог 
log С = 0.0267 (у—1870) + 7.656 
where y= year. 
Before this time, from 1846 to 1884, the coal production could 
be represented by | 
C=7.26 x 10 9365 6—1850 million tons 
Or 
log C 20.0365 (у- 1850) + 6.861 


representing an average annual increase of 8.78 per cent. 
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Fic. 1--Солі, PRODUCTION OF THE UNITED STATES 


It is startling to note how inappreciable, on the rising curve 
of coal production, is the effect of the most catastrophic political 
and industrial convulsions, such as the Civil War and the In- 
dustrial panic of the early 90's; they are indistinguishable from 
the constantly recurring annual fluctuations. It means, that 
the curve is the result of economic laws, which are laws of nature. 

Extrapolating from the curve of Fig. 1, which is permissible, 
due to its regularity, gives 867 million tons as this year's coal 


consumption. As it is difficult to get a conception of such | 
enormous amounts, I may be allowed to illustrate it. One of ^ v 
the great wonders of the world is the Chinese Wall, running - 


1. Soft coal and anthracite, and including oil reduced to coal Ey its 
fuel value. i 7 


Eo 
£ + 
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across the country for hundreds of miles, by means of which 
China unsuccessfully tried to protect its nothern frontier against 
invasion. Using the coal produced іп one year as building 
material, we could with it build a wall like the Chinese Wall, all 
around the United States, following the Canadian and Mexican 
frontier, the Atlantic, Gulf and Pacific Coast, and with the 
chemical energy contained in the next year's coal production, we 
could lift this entire wall up into space, 200 miles high. Or, 
with the coal produced in one year used as building material, we 
could build 400 pyramids, larger than the largest pyramid of 


Egypt. 

It is interesting to note that 100 thousand tons of coal were 
produced in the United States in 1825; one million tons in 1836; 
10 million tons in 1852 and 100 million tons in 1882. The pro- 
duction will reach about 1000 million tons in 1920, and, if it con- 
tinues to increase at the same rate, it would reach 10,000 million 
tons in 1958. 


Estimating the chemical energy of the average coal as a little 
above 7000 cal., the chemical energy of one ton of coal equals ap- 
proximately the electrical energy of one kilowatt year (24 hour ser- 
vice). Thatis, one ton of coal is approximately equal in potential 
energy to one kilowatt-year. 


Thus the annual consumption of 867 millions of tons of coal 
represents, in energy, 867 million kilowatt-years. 


However, as the average efficiency of conversion of the 
chemical energv of fuel into electrical energy is probably about 
10 per cent, the coal production, converted into electrical 
energy, would give about 87 million kilowatts. 


Assuming however, that only one half of the coal is used for 
power, at 10 per cent efficiency, the other half as fuel, for metal- 
lurgical work etc., at efficiencies varying from 10 per cent to 
80 per cent, with an average efficiency of 40 per cent, then we get 
217 million kilowatts (24 hour service) as the total utilized 
energv of our present annual coal production of 867 million tons. 


B. THE POTENTIAL WATER POWERS OF THE UNITED STATES 


Without considering the present limitation in the develop- 
ment of water powers, which permits the use of only the largest 
and most concentrated powers, we may try to get a conception 
of the total amount of hydraulic energy which exists in our 
country, irrespective of whether means have yet been developed 
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or ever will be developed for its complete utilization. We there- 
fore proceed to estimate the energy of the total rain fall. 
Superimposing the map of rain fall in the United States, upon 
the map of elevation, we divide theentire territory into sections 
by rain fall and elevation. This is done in Table II, for the part 
of our continent between 30 and 50 degrees northern latitude. 


TABLE II 
TOTAL POTENTIAL WATER POWER ОР UNITED STATES 


In. Ft. Area Avg. Avg. Kg-m. Kg-m 
rain elevation m*10!*x  jelevation| rainfall per m; total 
fall m. cm, 10° x 1015 x 
>10 >5000 0.54 12.5 263 142 

1000-5000 0.29 112 32.5 

10-20 >5000 1.18 37.5 787 930 
1000-5000 1.96 338 660 

20-30 1000—5000 0.32 62.5 563 183 
100-1000 0.97 94 91 

30—40 1000-5000 0.35 87.5 786 275 
100-1000 1.40 131 184 

40—60 1000—5000 0.27 - 125 1130 305 
100-1000 1.03 188 194 

2 =2996 

3000 


As obviously only the general magnitude of the energy value 
is of interest, I have made only few sub-divisions: five of rain 
fall and four of elevation, as recorded in columns 1 and 2 of 
Table II*. The third column gives the area of each section, in 
millions of square kilometers, the fourth column the estimated 
average elevation, in meters, and the fifth column the average 
rain fall, in centimeters. The sixth column gives the energy, in 
kilogram-meters per square meter of area, and the last column 
the total energy of the section, in kilogram-meters, which would 
be represented by the rain fall, if the total hydraulic energy of 
every drop of rain were counted, from the elevation where it fell, 
down to sea level. 

As seen from Table II, the total rain fall of the North Ameri- 
can Continent between 30 deg. and 50 deg. latitude repre- 
sents 3000 х 10% kg-m. This equals 950 million kilo- 
watt years (24 hour service). That is, the total potential water 
power of the United States, or the hydraulic energy of the total 


1. The lowest elevation, < 100 ft., is not included, as having little 
potential energy. 
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rain fall, from the elevation where it fell, down to sea level, gives 
about 1000 million kilowatts. 
" However, this is not available, as it would leave no water for 
agriculture; and even if the entire country were one hydraulic 
development, there would be losses by seepage and evaporation. 
An approximate estimate of the maximum potential power of 
the rain fall,after а minimum allowance for agriculture and for 
losses is made in Table III, allowing 12.5 cm. rain fall for wastage, 
and 37.5 and 25 cm. respectively for agriculture where such is 
feasible. | 


TABLE III 
AVAILABLE POTENTIAL WATER POWER OF THE UNITED STATES 


Avg. Avg. Area m! | Wastage | Agricul- | Available] Kg. m. Kg-m. 
rainfall | elevation | 10!* X cm. ture, rainfall per m? total 
cm. m. cm. cm. 10 x 1018 x 
12.5 2100 0.54 12.5 TY 
900 0.29 12.5 or — 
37.5 2100 0.39 12.5 25 PRG 
2100 0.79 12.5 25 525 415 
900 0.98 12.5 25 Pare 
900 0.98 12.5 25 225 220 
62.5 900 0.21 12.5 37.5 12.5 112 23 
900 0.11 12.5 50 450 50 
150 0.97 12.5 37.5 12.5 19 18 
87.5 900 0.35 12.5 37.5 37.5 337 118 
150 1.40 12.5 37.5 37.5 56 78 
125 900 0.27 12.5 27.5 75 674 182 
150 1.03 12.5 37.5 75 112 116 
У =1220 


This gives about 1200 X 10!5 kg-m. as the total available 
potential energy, which is equal to 380 million kilowatts (24 
hour service). Assuming now an efficiency of 60 per cent from 
the stream to the distribution center, gives 230 million kilo- 
watts (24 hour service) as the maximum possible hydroelectric 
power, which could be produced, if every river, stream, brook or 
little creek throughout its entire length, from the Spring to the 
ocean, and during all seasons, including all the waters of the 
freshets, were used and could be used. It would mean that 
there would be no more running water in the country, but 
stagnant pools connected by pipe lines to turbines exhausting 
into the next lower pool. Obviously, we could never hope to 
develop more than a part of this power. 
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C. DISCUSSION 


It is interesting to note that the maximum possible hydraulic 
energy of 230 million kilowatts, is little more than the total 
energy which we now produce from coal, and is about equal to 
the present total energy consumption of the country, including 
all forms of energy. | 

This was rather startling to те. It means that the hope that 
when coal once begins to fail we may use the water powers of 
the country as the source of energy, is and must remain a dream, 
because if all the potential water powers of the country were 
now developed, and every rain drop used, it would not sup- 
ply our present energy demand. 

Thus hydraulic energy may and should supplement that of 
coal, but can never entirely replace it as a source of energy. This 
probably is the strongest argument for efforts to increase the 
efficiency of our methods of using coal. 

A source of energy which is practically unlimited, if it could 
only be used, is solar radiation. The solar radiation 
at the earth's surface is estimated at 1.4 cal. per cm.? per 
min. Assuming 50 per cent cloudiness, this would give an 
average throughout the year (24 hours per day), of about 0.14 
cal per cm.? horizontal surface per min., and on the total area 
considered in the preceding table, of 8.3 million square kilometers 
of North America between 30 and 50 latitude, a total of approxi- 
mately 800,000 million kilowatts (24 hour service), or a thousand 
times as much as the total chemical energy of our coal con- 
sumption; 800 times as much as the potential energy of the 
total rainfall. | 

Considering that the potential energy of the rainfall from 
surface level to sea level, is a small part of the potential energy 
spent by solar radiation in raising the rain to the clouds, and that 
the latter is a small part of the total solar radiation, this is 
reasonable. 

Considering only the 2.7 million square kilometers of Table 
III, which are assumed as unsuited for agriculture, and assuming 
that in some future time, and by inventions not yet made, half 
of the solar radiation could be collected, this would give an energy 
production of 130,000 million kilowatts. 

Thus, even if only one-tenth of this could be realized, or 
13,000 million kilowatts, it would be many times larger than all 
the potential energy of coal and water. Here then would be 
the great source of energy for the future. 
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II. Hydroelectric Station 
A. THE MODERN SYNCHRONOUS GENERATOR STATION 


In developing the country’s water powers, up to the present 
time only those of greatest energy concentration have been con- 
sidered; that is, those where a large volume and a considerable 
head of water was available within a short distance. 

This led to the present type of hydroelectric generating 
station, as best solving the problem. The equipment of such a 
station comprises the following apparatus: 

Three-phase synchronous direct-connected generators. 

Hydraulic turbines of the highest possible efficiency. 

Hydraulic turbine speed governing mechanism. 

An exciter plant comprising either exciters directly connected 
to the generators, or several separate exciter machines, con- 
nected to separate turbincs. 

Exciter bus bars. 

Voltmeter, and ammeters in exciters and in alternator field 
circuits. 

Field rheostats of the alternators. 

Low-tension busbars, either in duplicate, or with transfer or 
synchronizing bus. 

Circuit breakers between generators and busbars, usually 
non-automatic. | 

Circuit breakers between transformers and busbars, usually 
automatic, with time limit. 

Voltmeters and potential transformers at the generators. 

Synchronoscopes or other synchronizing devices. 

Ammeters and current transformers at the generators. 

Voltmeter and potential transformer at the busbars. 

Ammeters and current transformers at the step-up trans- 
formers. 

Totaling ammeter for the station output. 

Integrating wattmeter. 

Relays, interlocking devices etc., etc. 

Step-up transformers. 

High-tension busbars, possibly 1n duplicate. 

High-tension circuit breakers between transformers and high- 
tension busbars. 

High-tension circuit breakers between high-tension busbars 
and lines. 

Lightning arresters in the transmission lines, with inductances 
etc. 
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Ground detectors, arcing-ground or short-circuit suppressors, 
voltage indicators etc. 


Automatic recording devices (multi-recorder), rarely used 
though very desirable. 


Due to the vast amount of energy controled by modern 
stations, the auxiliary and controlling devices in these stations 
have become so numerous as to make the station a very complex 
structure, requiring high operating skill and involving high 
cost of installation. At the same time, not only are all these 
devices necessary for the safe operation of the station, but we 
must expect that with the further increase of capacity of our 
electric systems, additional devices will become necessary for 
safe and reliable operation. One such device I have already - 
mentioned—automatic recording apparatus, such as the multi- 
recorder. 


With this type of station, it is obviously impossible, in most 
cases, to develop water powers of small and moderate size. А 
generating station of a thousand horse power will rarely, and 
one of a hundred horse power will hardly ever be economical. 


On the other hand, a hundred horse power motor installation 
is a good economical proposition, and the average size of all the 
motor installations is probably materially below one hundred 
horse power. | 


Looking over Tables II and III, especially the latter, in the 
preceding section, it is startling to see how large a part of the 
potential water power of the country is represented by com- 
paratively small areas of high elevation, in spite of the relatively 
low rainfall of these areas. As most of these areas are at con- 
siderable distance from the ocean, most of the streams are small 
in volume. That is, it is the many thousands of small mountain 
streams and creeks, of relatively small volume of flow, but high 
gradients, affording fair heads, which apparently make up the 
bulk of the country's potential water power. 


Only a small part of the country's hydraulic energy is found 
so concentrated locally as to make its development economically 
feasible with the present type of generating station. 


Therefore, some different, and very much simpler type of generat- 
ing station must be evolved, before we can attempt to develop econom- 
wally these many thousands of small hydraulic powers, to collect 
the power of the mountain streams and creeks. 
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B. SIMPLIFICATION OF HYDROELECTRIC STATION 

In the following in discussing the simplification of the hydro- 
electric station to adapt it to the utilization of smaller powers, 
we limit ourselves to the case where the smaller hydraulic stations 
feed into a system containing some large hydraulic or steam 
turbine stations, to which the control of the system тау be 
relegated. 

1. We may eliminate the low tension bus bars, with generator 
circuit breakers and transformer low-tension circuit breakers and 
‘connect each generator directly to its corresponding transformer 
making one unit of generator and transformer, and do the 
switching on high-tension busbars, and locating high-tension 
busbars and circuit breakers outdoors. While it is dangerous to 
transformers to switch on the high-tension side, due to the 
possibility of cumulative oscillations, this danger is reduced by 
the permanent connection of the transformer with the generator 
circuit, and is less with the smaller units used in small power 
stations, and thus permissible in this case. 

However, the simplification resulted therefrom is not so great, 
as ammeters, voltmeter and synchronizing devices with their 
transformers are still retained on the low-tension circuits. 

2. As it is not economical to operate at partial load, proper 
operation of a hydraulic station on a general system is, to operate 
as many units fully loaded as there is water available, and in- 
crease or reduce the number of units (of turbine, generator and 
transformer, permanently joined together), with the changing 
amount of available water, thus using all the available energv of 
the water power. 

In this case, the turbine governors, with their more or less 
complex hydraulic machinery, may be omitted. If then the 
generators are suddenly shut down by a short circuit which 
opens the circuit breakers, the turbines will race and run up to 
their free running speed, until the gates are shut by hand. How- 
ever, generators, and turbines must stand this, as even with the 
use of governors, the turbines may momentarily run up to their 
free speed in case of a sudden opening of the load, before the 
governors can cut off the water. Where this is not desirable 
some simple excess speed cut-off mav be used. 

3. When dropping the governing of the turbines, and running 
continuously at full load, the question may be raised whether 
generator ammeters are necessary, as the load is constant, and is 
all the power the water can give, and it might appear, that am- 
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meters with their current transformers, etc. could be omitted. 
However, with synchronous generators, the current depends not 
only on the load, but also on the power factor of the load and 
with excessively low power factor due to wrong excitation, the 
generators may be overheated by excess current, while the 
power load is well within their capacity. Thus ammeters are 
necessary with synchronous generators. Аз soon, however, as 
we drop the use of synchronous generators, and adopt in- 
duction generators, the ammeters with their current trans- 
formers may be omitted, since the current and its power 
factor 1s definitely fixed by the load. At the same time, syn- 
chronizing devices become unnecessary, together with potential 
transformers, generator voltmeters, etc. А station voltmeter 
тау be retained for general information, but it not necessary 
either, as the voltage and frequency of the induction-generator 
station are fixed by the controlling synchronous main station of 
the system. 

4. With the adoption of the induction generator, the entire 
exciter plant is eliminated, as the induction generator is excited 
by lagging currents received from synchronous machines, trans- 
mission lines and cables existing in the system. This avoids the 
use of exciter machines, exciter busses, ammeters, voltmeters, 
alternator field rheostats, etc., in short, most of the auxiliaries 
of the present synchronous station become unnecessary. 

The solution of the problem of the economic development of 
smaller water powers 1s the adoption of the induction generator. 

Stripped of all unnecessary equipment, the smaller hydro- 
electric station thus would comprise: 

Hydraulic turbines of simplest form, continuously operating 
at full load, without governors. 

Low-voltage induction generators direct connected to the 
turbines. 

Step-up transformers direct connected to the induction 
generators. 

High-tension circuit breakers connecting the step-up trans- 
formers to the transmission line. In smaller stations, even 
these may be dispensed with and replaced by disconnecting 
switches and fuses. 

Lightning arresters on the transmission line where the cli- 
matic or topographical location makes such necessary. 

А station voltmeter, a totalling ammeter or integrating watt- 
meter and a frequency indicator may be added for the informa- 
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tion of the station attendant, but are not necessary, as voltage, 
current, output and frequency are not controlled from the in- 
duction generator station, but from the main station, or deter- 
mined by the available water supply. 

It is interesting to compare this induction generator station 
Jay-out with that of the modern synchronous station given above. 
However, it must not be forgotten that the simplicity of the in- 
duction generator station results from the relegation of all the 
functions of excitation, regulation and control, to the main syn- 
chronous stations of the system, and the induction generator 
stations thus are feasible only as adjuncts to at least one large 
synchronous station, hydraulic or steam turbine, in the system, 
but can never replace the present synchronous generator stations 
in their present field of application. 


C. AUTOMATIC GENERATING STATIONS 


With the enormous simplification resulting from the use of 
the induction generator, it appears entirely feasible to make 
smaller hydroelectric generating stations entirely automatic, 
operating without attendance beyond occasional—weekly or 
daily—inspection. 

Such an automatic generating station would comprise a tur- 
bine with low-voltage induction generator, housed under a shed, 
and a step-up transformer, outdoors, connecting into the trans- 
mission line with time fuses and disconnecting switches. 

It is true that in the big synchronous generating stations of 
thousands of kilowatts, the cost of the auxiliaries, as exciter 
plant, regulating and controlling devices, etc., is only a small 
· part of the total station cost, and little would therefore be saved 
bv the use of induction generators. No induction generators 
would, however, be used for such stations. But the cost of auxil- 
iaries and controlling devices, and the cost of the required 
skilled attendance, decreases far less with decreasing station size 
than that of the generators—whether synchronous or induction 
—or in other words, with decreasing size of the station, per 
kilowatt output, the cost of auxiliaries and controlling devices 
and of attendance increases at a far greater rate than that of 
the generators, and very soon makes the synchronous station 
of the present type uneconomical. | 

It is also true that in the big modern hydraulic power systems, 
the cost of the generating station usually is a small part of the 
cost of the hydraulic development. Therefore any saving in 
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the cost of the generating station would be of little influence in 
determining, whether the hydraulic development would be eco- 
nomical. With decreasing size of the water power the cost of the 
hydraulic development per kilowatt output usually increases so 
rapidly as very soon to make the development of the water power 
uneconomical, no matter how simple and cheap the station is. 

However, the value of the induction generator is not so much 
in the reduction of the cost of the generating station, as in the 
reduction of the cost of the hydraulic development, by making 
it possible to apply to the electric generator the same principle, 
which has made the electric motor economically so successful: 
Collect the power electrically, just as we distribute tt electrically. 

We do not, as in the days of the steam engine, convert the 
electric power into mechanical power at one place, by one big 
motor, and distribute the power mechanically, by belts and shafts, 
but we distribute the power electrically, by wires, and convert 
the electric power to mechanical power, wherever mechanical 
power is needed, by individual motors throughout mill and 
factory. 

In the same way we must convert the hydraulic, that is, 
mechanical power into electrical power by individual generators 
located along the streams or water courses within the territory, 
wherever power is available, and then collect this power elec- 
trically, by medium-voltage collecting lines and high-voltage 
transmission lines, and so eliminate most of the cost of the 
hydraulic development, to solve the problem of the economical 
utilization of the country's water powers. If we attempt to 
collect the power mechanically, that is, by a hydraulic develop- 
ment gathering the waters of all the streams and creeks of a 
territory together into one big station, and there convert it in- 
to electric power, the cost of the hydraulic development makes it 
economically hopeless except under unusually favorable con- 
ditions, where a very large amount of power is available within a 
limited territory, or where nature has done the work for us in 
gathering considerable power at a waterfall, etc. 

It is the old problem, and the old solution: If you want to do 
it economically, do 1t electrically. 

Naturally then, we would use induction generators in these 
small individual stations just as we use induction motors in 
individual motor installations; but where large power is avail- 
able, there is the field of the synchronous generator, and the in- 
duction generator is undesirable, just as the synchronous motor 
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is preferable where large power is required—unless the syn- 
chronous motor is excluded by conditions of starting torque, etc. 

At first, and for some time to come, we would not consider 
going to anywhere near as small sizes of induction generators, as 
we do in induction motors. However, there are undoubtedly 
many millions of kilowatts available in water powers throughout 
the country, which can be collected by induction-generator 
stations from 50 h.p. upwards, and that at fair heads, requiring 
no abnormal machine design (no very slow speed). 

Consider an instance—a New England mill river with a de- 
scent, in its upper course, of about 1100 ft. (335 m.) within five 
miles (eight km.), of varying gradient. At three places, where 
the gradient is steepest, by a few hundred feet of cast iron pipe 
and a small dam of 20 to 30 ft. (6 to 9 m.) length and a few feet 
height—just enough to cover the pipe intake—an average head 
of 150 ft. (45 m.) can be secured, giving an average of 75 h.p. 
each, or a total of 225 h.p. or 170 kw. This would use 
somewhat less than half the total potential power. The de- 
velopment of the other half, requiring greater length of pipe 
line, or involving lower heads, would be left to meet future de- 
mands for additional power. 

The installation of an electric system of 170 kw. would 
hardly be worth while, but there are numerous other creeks 
throughout the territory from which to collect power, and within 
a few miles passes a high potential transmission line, coming from 
abig synchronous station, into which the power collecting lines 
coming from the induction generator stations would be tied and 
from which they would be controlled. 

Thus, the large modern synchronous station has its field, and 
is about as perfect as we know how to build for large concen- 
trated powers; but beyond this, there 15 a vast field, and there- 
fore an economic necessity of the development of a different type of 
hydraulic generating station to collect the scattered water powers of 
the country; and that is the induction generator station, to which 
I wish to draw the attention. 

I must caution, however, not to mistake small power and low 
head power. There are on the lower courses of our streams 
some hydraulic powers, which are relatively small due to their 
low heads, and which can not be economically developed by the 
synchronous generator, due to the low head and correspondingly 
low speed. The designing characteristics of the induction 
generator, with regard to low-speed machines, аге no better—if 
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anything rather worse—than those of the synchronous generator, 
and the problem of the economical utilization of the low-head 
water power still requires solution. It is not solved by the in- 
duction generator; the latter's characteristic is simplicity of the 
station, giving the possibility of numerous small automatic 
generating stations. 


III. Induction Generator Station 


A. CHARACTERISTICS OF INDUCTION GENERATOR 


An induction motor at no load runs at, or rather very close to 
synchronism. If it is driven above synchronism by mechanical 
power, current and power again increase, but the electric power 
is outflowing, and the induction machine consumes mechanical 
power, and generates electrical power, as an induction generator. 

The maximum electrical power, which an induction machine 
can generate as an induction generator is materially larger than 
the maximum mechanical power, which the same machine, at 
the same terminal voltage, can produce as an induction motor. 

Resolving the current of the induction machine into an energy 
component and a wattless or reactive component, the energy 
current is inflowing, representing consumption of electric power 
(which is converted to mechanical power) below synchronism. 
It becomes zero near synchronism, and above synchronism the 
energy current is in the reverse direction, or outflowing, supply- 
ing electric power to the system (which is produced from the. 
mechanical power input into the machine), and the induction 
machine then is a generator. 

The wattless or reactive component is a minimum at synchron- 
ism, and increases with the slip from synchronism, and is in the 
same direction, whether the slip 1s below synchronism, as a 
motor, or above synchronism, as a generator. That is, the in- 
duction machine always consumes a lagging current (represent- 
ing the exciting current and the reactance voltages), or, what 
amounts to the same, produces a leading current. The latter 
way of putting it is frequently used with induction generators, 
by saying that the current produced by the induction generator 
is leading, while the current consumed by the induction motor 
is lagging. Instead of saying however, that the reactive com- 
ponent of the current generated by the induction generator is 
leading, we may say, and this makes it often more intelligible, 
that the induction generator generates an energy current and con- 
sumes a lagging reactive current, while the induction motor con- 
sumes an energy current and consumes a reactive lagging current. 
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As with the increasing voltages and increasing extent of our 
transmission systems the leading currents taken by transmission 
lines and underground cables are becoming increasingly larger, 
the induction generator appears specially advantageous, as 
tending to offset the effect of line capacity. We may thus 
say that the induction generator (and induction motor) 
consumes a lagging reactive current, which is supplied by the 
synchronous generators, synchronous motors, converters and 
other synchronous apparatus in the system, and by the capacity 
of lines and cables. Or we may say that the lagging current con- 
sumed by the induction generator neutralizes the leading current 
consumed by the capacity of lines and cables. Or we 
may say that the leading current produced by the induction 
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generator supplies the capacity of lines and cables: these are 
merely three different wavs of expressing the same facts. 

In Fig. 2 are shown the torque curves, at constant termina] 
voltage, of a typical moderate size induction machine. М is the 
torque produced as an induction motor below synchronism, and 
G the torque consumed as an induction generator above syn- 
chronism, synchronism being chosen as 100 per cent. Т 15 ап 
assumed torque curve of a hydraulic turbine. 

As seen, the point P where С and Т intersect, is 4 per cent 
above synchronism, and this induction generator thus operates 
on full load at 4 per cent slip above synchronism or no-load. As- 
suming now, that the power goes off, by the circuit breakers 
opening. The turbine then speeds up to 80 per cent above 
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synchronism, where the curve Т becomes zero. If at this free 
running turbine speed the circuit is closed and voltage put on 
the induction generator, the high torque consumed by the in- 
duction generator causes the turbine to slow down, and as at 
all speeds above 104, the torque consumed by the induction 
generator is very much higher than that given by the turbine, 
the machine slows down rapidly, to the speed where the induction 
generator torque has fallen to equality with the turbine torque, 
at speed 104, and stable condition 1s restored. 

Inversely, if the flow of water should cease, the induction 
machine slows down to a little below synchronism, and there 
continues to revolve as induction motor. 

In starting, the circuit may be closed before admitting the 
water, and the turbine started by the induction machine as a 
motor, on the torque curve M, running up to speed 100, and then, 
by admitting the water, the machine is speeded up 4 per cent 
more and thereby made to take the load as generator. Or the 
turbine may be started by opening the gates, running up to speed 
180, and then, by closing the circuit, the induction machine in 
taking the power slows the speed down to normal. 

With larger machines, the most satisfactory way of starting, 
as involving the least disturbance, probably would be, first to 
open the gates partly while the turbine speeds up, and when it 
has reached a speed in the neighborhood of synchronism, say 
between 95 and 105, the circuit 1s closed and the water gates 
opened fully. 


B. INSTABILITY CONDITIONS OF INDUCTION GENERATOR 


: In Fig. 2, the torque consumed by the induction machine, at 
all turbine speeds above full load P, is much higher than the 
torque of the turbine. However, the induction generator torque 
curve has a concave range, marked by C, and if the induction 
generator should be such as to bring the generator torque curve 
at C below the turbine torque curve 7, the speed, when once in- 
creased beyond the range C, would not spontaneously drop back 
to normal. "While in Fig. 2, C is much higher than 7, Fig. C 
represents the theoretical, but not real case of constant terminal 
voltage at the induction machine. The voltage however is kept 
constant at the controlling synchronous main station, and thus 
must vary with the load in the induction generator station. 
Assuming an extreme case, of 10 per cent resistance and 20 per 
cent reactance in the line from the induction machine station to 
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the next synchronism station, we get the modified torque curve 
shown in Fig. 3. As seen, at full load P, there is practically no 
change; about 4 per cent slip above synchronism. The maxi- 
mum torque of generator G and motor M, and the torque at the 
concave part of the induction generator curve, C, have greatly 
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decreased. However, C is still above Т, that is, even under this 
extreme assumption, the induction generator would pull the 
turbine down from its racing speed of 180, to the normal full 
load speed of 104, though the margin has become narrow. 
Assuming however an induction machine with much less slip, 
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with only half the rotor resistance of Figs. 2 and 3. At con- 
stant terminal voltage, this gives the curves shown in Fig. 4. 
The full load P is at speed 102, or 2 per cent above synchronism, 
and while the curve branch C is much lower, the conditions are 
still perfectly stable. Assuming however, with this type of low 
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resistance rotor, a high line impedance, 10 per cent resistance 
and 20 per cent reactance, as in Fig. 3. We then get the con- 
dition shown in Fig.5. The range C drops below Т, and the 
induction generator torque curve G intersects the turbine torque 
curve T at three points: P, P, and Р». Of these three theoretical 
running speeds, P —102, P,—169 and Р;--118.5, two are stable, 
P and P; while the third one, Р», is unstable, and from Ро, the 
speed must either decrease, reaching stability at the normal full 
load point P, or the machine speed up to Pı. 

If with the conditions represented by Fig. 5, the turbine 
should—by an opening of the circuit for instance—have speeded 
up to its free running speed 180, closing the circuit does not bring 
the speed back to normal, P, but the machines slow down only 
to speed P,, where stability is reached, at very little output and 
very large lagging currents in the induction generator. То 
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restore normal condition then would require shutting off 
the water, at least sufficiently to drop the turbine torque 
curve T below C, and then letting the machines slow down 
to synchronism. "They would not go below synchronism, even 
with the water gates entirely closed, as the induction machine as 
a motor, on curve M, holds the speed. 

A solution in the case Fig. 5 would be the use of a simple ex- 
cess speed governor, which cuts off the water at 5 to 10 per cent 
above synchronism. 

However, the possibility of difficulty due to the "dropping out 
of the induction generator" as we may call it in analogy to the 
dropping out of the induction motor, are rather less real than it 
appears theoretically. In smaller stations, such as would be 
operated without attendance, as automatic stations, the torque 
curve of the induction generator, as a small machine, would be 
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of the character of Figs. 2 and 3, and thus not liable to this 
difficulty. The low resistance type of induction machines, as 
represented in Figs. 4 and 5, may be expected only with the 
larger machines, used in larger stations. In those, some attend- 
ant would be present to close the water gates in case of the cir- 
cuit breakers opening, or a simple cheap excess speed cut-off 
would be installed at the turbines, keeping them within 10 per 
cent of synchronism, and within this range, no dropping out of 
the induction generator can occur. 

It is desirable however to realize this speed range of possible 
instability of the induction generator, so as to avoid it in the 
design of induction generators and stations. 


APPENDIX 
Collection of Fuel Power by Steam Turbine Induction Generator 


A. THE AUTOMATIC STEAM TURBINE INDUCTION GENERATOR 
STATION 


The same reason which in the preceding led to the conclusion 
that in the (automatic) induction generator station is to be found 
the solution of the problem of collecting the numerous small 
amounts of -hydraulic energy, which are scattered throughout 
our country along creeks and mountain streams, also applies, 
and to the same extent, to the problem of collecting the in- 
numerable small quantities of. mechanical or electrical energy: 
which are, or can be made available wherever fuel is consumed 
for heating purposes. Of the hundred millions tons of coal, 
which are annually consumed for heating purposes, most 1s used 
as stearn heat. Suppose then, we generate the steam at high 
pressure—as is done already now in many cases for reasons of 
heating economy—and interpose between steam boiler and heat- 
ing system some simple form of high pressure steam turbine, 
directly connected to an induction generator, and tie the latter 
into the general electrical power distribution system. When- 
ever the heating system is іп operation, electric power is gen- 
erated, as we may say as “by-product” of the heating plant, and 
fed into the electric system. 

The power would not be generated continuously, but mainly 
in winter, and largely during the day and especially the evening. 
That is, the maximum power generation by such fuel power 
collecting plant essentially coincides with the lighting peak of the 
central station, thus occurs at the time of the дау, and the 
season when power is most valuable. The effect of such fuel 
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power collection on the centralstation should result ina material 
improvement of the station load factor, by cuttnig off the light- 
ing peaks. 

The only difference between such steam turbine induction 
generator stations, collecting the available fuel power scattered 
throughout the cities and towns, and the hydraulic induction 
generator stations collecting the powers of the streams through- 
out the country, is that in the steam turbine plant an excess 
speed cut-off must be provided, as the free running steam turbine 
speed is usually not limited to less than double speed, as is the 
case with the hydraulic turbine. Otherwise however, no speed 
governing is required. А further difference is, that the greater 
simplicity and therefore lower investment of the steam turbine 
plant would permit going down to smaller powers, a few kilowatts 
perhaps. 

It is interesting to note, that even with a very inefficient 
steam turbine, the electric generation of such fuel power collect- 
ing plant interposed between boiler and heating system, takes 
place with practically 100 per cent efficiency, because whatever 
energy is wasted by the inefficiency of the steam turbine plant, 
remains as heat in the steam, and the only loss is the radiation 
from turbine and generator, and even this in most cases is useful in 
heating the place where the plant is located. The only advan- 
tage of a highly efficient turbine, is that larger amounts of electric 
power can be recovered from the fuel, and the question thus 15 
that between the investment in the plant, and the value of the 
recovered power. 

If then the total efficiency, from the chemical energv of the 
fuel to the electric power, were only 3 per cent, it would mean that 
3 per cent more coal would have to be burned, to feed the same 
heat units into the heating system. At an average energy value 
of 30,000 kj. per kg. of coal, this would give per ton of coal, 
900,000 kj. or 250 kw-hr. At aʻbulk value of 14 cent per kw-hr. 
it would represent a power recovery value of $1.25 per ton of 
coal. "This is quite considerable, more than sufficient to pay the 
interest on the investment in the very simple plant required. 

At first, the steam turbine induction generator plant, proposed 
for the collection of fuel power, would appear similar to the 
isolated plant which, though often proved uneconomical, still 
has successfully maintained its hold in our northern latitudes, 
where heating is necessary through a considerable part of the 
vear. However, the difference between the steam turbine in 
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duction generator plant and the isolated steam electric plants in 
our cities, is the same as that between the automatic hydro- 
electric induction generator station, and the present standard 
synchronous generator station: by getting rid of all the com- 
plexity and complication of the latter, the induction generator 
station becomes economically feasible in small sizes; but it does so 
only by ceasing to be an independent station, by turning over 
the functions of regulation and control to the central main sta- 
tion and so becoming an adjunct to the latter. But by this 
very feature, the turbo induction generator plant might afford 
to the central station, the public utility corporation, a very 
effective means of combatting the installation of isolated plants, 
by relieving the prospective owner of the isolated plant of all 
trouble, care and expense and incidental unreliability thereof, 
supplying central station power for lighting, but at the same 
time utilizing the potential power of the fuel burned for heat- 
ing purposes. The simplest arrangement probably would be, 
that the fuel power collecting plants scattered throughout the 
city would, as automatic stations, be taken care of by the public 
utility corporation, their power paid at its proper rates, those of 
uncontrolled bulk power, while the power used for lighting is 
bought from the central station at the proper lighting rates. 

As this however means a new adjustment of the relation be- 
tween customer and central station, and is not merely an en- 
gineering matter like the hydroelectric power collection, I have 
placed it in an appendix. 


B. DISCUSSION 


We realize that our present method of using our coal re- 
sources is terribly inefficient. We know that in the conversion 
of the chemical energy of coal into mechanical or electrical 
energy, we have to pass through heat energy and thereby sub- 
mit to the excessivelv low efficiency of transformation from the 
low grade heat energy to the high grade electrical energy. We 
get at best 10 to 20 per cent of the chemical energy of the coal 
as electrical energv; the remaining 80 to 90 per cent we throw 
away as heat in the condensing water, or worse still, have to pay 
for getting rid of it. At the same time we burn many millions 
of tons of coal to produce heat energy, and by degrading the 
chemical energy into heat, waste the potential high grade energy 
which those millions of tons of coal could supply us. 

It is an economic crime to burn coal for mere heating without 
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first taking out as much high grade energy, mechanical or elec- 
trical, as is economically feasible. It is this feature, of using the 
available high grade energy of the coal, before using it for heating, 
which makes the isolated station successful, though it has every 
other feature against it. To a limited extent, combined electric 
and central steam heating plants have been installed, but their 
limitation is in the attempt to distribute heat energy, after pro- 
ducing it in bulk, from a central station. Неге again we have 
the same rule; to do it efficiently, do it electrically. Іп the 
efficiency of distribution or its reverse, collection, no other form 
of energy can compete with electric energy, and the economic 
solution appears to be to burn the fuel wherever heating is re- 
quired, but first take out its available high grade energy, and 
collect it electrically. 

Assume we use 200 million tons of coal per vear for power, at 
an average total efficiency of 12 per cent, giving us 24 million 
kw. (referred to 24-hr. service) and use 200 million tons of coal 
for heating purposes, wasting its potential power. 

If then we could utilize the waste heat of the coal used for 
power generation, even if thereby the average total efficiency 
were reduced to 10 per cent, we would require only 240 million 
tons of coal, for producing the power, and would have left a 
heating equivalent of 216 million tons of coal, or more than re- 
quired for heating. That is, the coal consumption would be re- 
duced from 400 million to 240 million of tons, a saving of 160 
million tons of coal annually. 

Or, if from the 200 million tons of coal, which we degrade by 
burning it for fuel, we could first abstract the available high 
grade power, assuming even only 5 per cent efficiency, this 
would give us 10 million kw. (24-hr. rate), at an additional coal 
consumption of 10 million tons, while the production of the 10 
milion kw. now requires 100 million tons of coal, more or less, 
thus getting a saving of 90 million tons of coal; or putting it the 
other way, a gain of 9 million kw.—12 million horse power— 
24-hr. service, or 36 million horse power for an 8-hr. working day. 

It 1s obvious that we never could completely accomplish this; 
but even if we recover only one-quarter, or even only one-tenth 
of this waste, it would be a vast increase in our national 
efficiency. 

Thus the solution of the coal problem, that is, the more eco- 
nomic use of fuel energy, is not only the increase of the thermody- 
namic efficiency of the heat engine, in which a radical advance 
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Heat energy of steam from boiler, at 75 per cent. boiler efficiency, 22.5 x 10 kj. 


Chemical energy, 30 X 108 kj: 


Per ton of coal: 
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is limited by formidable diffi- 
culties; but is the recovery of 
the potential energy of all the 
fuel, by electric collection. 


C. TURBO INDUCTION GENER- 
ATOR 

Assume then that wherever fuel 
is burned to produce steam for 
heating purposes, instead of a 
low-pressure boiler giving a few 
pounds over-pressure only, we 
generate the steam at high pres- 
sure, at six atmospheres (90 Ibs.) 
or, in larger plants, even at 15 at- 
mospheres (220 lb.) passing the 
steam through a high pressure 
turbine wheel directly connected 
to an induction generator tied 
into the electric supply svstem, 
and then exhaust the steam at 
1.25 atmospheres (19 1b.) into the 
steam heating system, or at 0.48 
atmospheres (7 lb.) into a vacuum 
heating system. 

At a fuel value of the coal of 
30,000 kj. per kg. we have (see 
table) 

From this it would follow that 
the average magnitude of the 
steam turbine induction gener- 
ator plant for power collection 
from fuel in heating plants, would 
be about one-quarter to one-half 
kw. per ton of coal burned an- 
nually, under the assumption, 
that the use of the heating plant 
is equivalent to full capacity 
during one quarter of the time, 
and the turbine induction gen- 
erator plant 50 per cent larger, 
to take care of maximum loads. 
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As seen, the value of the recovered power would be'a sub- 
stantial percentage of the fuel cost. 

With 100 million tons of coal used for heating purposes an- 
nually, assuming an average recovery of 600 kw-hr. per ton, 
this gives a total of 60,000 million kw-hr. per year. One- 
quarter of this is more electric power than is now produced at 
Niagara, Chicago, New York and a few other of the biggest 
electric svstems together. 


To be presented а! the 34th Annual Convention of 
the American Institute of Ele.trical Engineers. 
Atlantic City, N. J., June 28. 1918. 
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PROTECTION FROM FLASHING FOR DIRECT CURRENT 
APPARATUS 


—— 


BY J. J. LINEBAUGH AND J. L. KURNHAM 


ABSTRACT OF PAPER 


The equipment developed for the protection of direct-current 
apparatus as described in this paper is applicable to all direct- 
current apparatus and all methods of operation. Special means 
of protection for use only with particular apparatus or conditions 
of operation have not been mentioned. The principal steps in 
the experimental development of high-speed circuit breakers 
and flash barriers are briefly given. 

The protection afforded by the high-speed breaker or barriers 
is sufficient for most apparatus and service, but complete pro- 
tection for any direct-current apparatus and service requires 
both the high-speed breaker and flash barriers. Attention is 
directed to the importance of arranging the connections to the 
brush rigging so that the magnetic action on the arc will bea 
minimum, and properly directed, so the flash will do the least 
damage. 


HE problem of protection from flashing has for many years 
confronted engineers who build and operate direct-current 
machines. | Numerous schemes and suggestions have been put 
forward which it was hoped would overcome the tendency to 
flashover on extra heavy overloads or short circuits. Some time 
ago it was felt that the subject of prevention and protection from 
flashing has not received the study and investigation justified 
by the trouble experienced and it was decided to make a com- 
prehensive study of the entire subject. 

Some form of barrier has been the most common protection 
suggested, and different forms have been tried with a slight 
degree of success on some machines and absolute failure on others. 
It was the opinion of many engineers that barriers could not be 
designed to take care of a short circuit and that their value was 
doubtful. However, a special form of barrier, which gives the 
required protection, will be described later. 

It was realized that the means for prevention of flashing at 
the commutator and brushes of direct-current machines must 
operate to remove the cause very quickly. The use of some form 
of high-speed device, which would open the circuit or insert re- 
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sistance before the short circuit current could reach a value 
which would cause flashing, seemed the most logical way to 
solve the problem, although it was appreciated that the action 
of the device must be much more rapid than any commercial 
circuit-opening device previously produced. An investigation 
was conducted along these lines and two distinct types of high- 
speed breakers developed, which will be described separately. 

A flash at the commutator starts from excessive sparking. 
Sparking is produced by the breaking of current in the coils short- 
circuited by the brush as each segment of the commutator passes 
from under the brush. As the coil 1s inductive, the spark or arc 
tends to hold and, if the arc is of sufficient volume, the vapor 
produced thereby forms a low resistance path between segments 
and from brush to brush or to frame; through which a large 
current may pass. See Figs. 1 and 2. 

Sparking may be prevented by providing a magnetic field of 
proper strength and distribution to influence the coils during 
reversal of their current as they pass through short circuit by 
the brushes. To provide the correct commutating field for all 
conditions of load has been the object of designers but success 
has been only partial. At high loads, saturation of magnetic 
circuits and distorting influence prevent attainment of the de- 
sired field, and for sudden changes in load the changes in field 
cannot be properly synchronized. It is more difficult to avoid 
sparking with rapidly varying loads than with gradually chang- 
ing or steady load, but if a sudden load which would cause 
flashing is of short enough duration, the arcing at brushes may 
not produce enough conducting vapor to establish an arc sup- 
ported bv the main voltage. The value of load that causes 
flashing when applied suddenly (short circuit) is a function of the 
time required to throw it off. The quicker the circuit is opened 
the higher the value of current that will not cause arcing. 

With the ordinarv circuit breaker which begins to open in 
about 0.15 second, there is a certain maximum load which cannot 
be exceeded for each commutating machine without causing 
flashing. If feeders have sufficient resistance to limit the short- 
circuit current to this critical value, flashing will occur only on 
the rare occasion of a short circuit in a feeder itself. See Fig. 3. 
It has been the standard practise of nearly all manufacturers 
to recommend tapping the feeders, especially railway feeders, 
at a sufficient distance from the substation to insure enough 
resistance in the circuit to limit current in case of short circuit 
near the,station. 
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Inductance may be added to the circuit to retard the rate of 
increase of current on short circuit to such an extent that the 
ordinary breaker will have time to trip before the current in the 
machine reaches a value that would cause flashing. The amount 
of inductance required to delay the rise in current sufficiently, 
however, introduces other disadvantages which make its use 
undesirable. When the current is interrupted, the increase in 
voltage from inductive “kick” is difficult for circuit breakers 
to handle and introduces the possibility of applying dangerous 
voltage stresses to the apparatus. 

Reactors have been tried in a few instances sid: some success 
but it has always been a mooted question whether the resistance 
of the reactor did not give as much or more protection than the 
inductance of the coil, and if this is the case resistance only 
would be much cheaper to install. A coil to give the delay re- 
quired is usually very large and expensive and occupies much 
valuable space, giving a total cost out of proportion to the cost 
of the machines protected or the protection obtained. 

With special high-speed circuit-opening devices operating in 
about 0.005 second, the more sensitive machines, such as 60-cycle 


synchronous converters for railway voltages, may be short- 


circuited without flashing over, even though the maximum current 
is of higher value than would cause flashing with suddenly ap- 
plied load and ordinary circuit-breaker protection. 

The speed at which a circuit breaker must operate to prevent 


flashing depends on the amount of load thrown on the machine. 


but, under worst conditions, our tests seem to confirm that it 
must be quicker than one half cycle of the machine to be pro- 
tected. The time of operation of the breaker would be measured 
between the time that the current reaches the flashing value to 
the time that the current is again reduced to the same value 
after the breaker opens. If the arc formed between two seg- 
ments is not blown out as they pass from one set of brushes to 
the next and all following segments have similar arcs formed be- 
tween them, the arc would completely bridge between positive and 
negative brushes in one-half cycle, which would complete the 
flashover. Complete flashover might also occur from gases 
being blown by windage, magnetically, or by expansion, to 
increase or decrease the half cycle time. 

The time of operation of circuit breakers as given herein is 
measured from the beginning of short circuit to the instant the 
breaker begins to reduce the current rise, 
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Investigation covering these several schemes of protection 
was made, which it is believed will be of interest and will be des- 
cribed briefly with oscillograms, reproductions from photographs, 
etc., showing behavior under different loads and short-circuit 
conditions. 

All short-circuit tests were made by connecting positive and 
negative terminals with a 500,000 circular mil cable; the only 
equipment in the circuit being the necessary current shunt for 
the oscillograph, a contactor to close the circuit, and a circuit 
breaker for overload protection, in addition to the protective 
device being investigated. Power for the 300-kilowatt, 25- 
cycle and 500-kilowatt, 60-cycle, 600-volt synchronous converters, 
used in fuse, barrier, reactor, and high-speed circuit breaker 
tests, was supplied from а 6000-kilowatt frequency changer 
set only a few feet from the test, so that there was very little drop 
in the voltage of the generator or from resistance, and the oil 
switch was set so that it did not trip out. 


HIGH SEEED CIRCUIT BREAKER 


At the time this development was started it was felt that if 
a circuit breaker could be designed to operate within the time 
required for a commutator bar to pass from one brush to another; 
that is, within one half cycle, protection would be afforded against 
practically any short circuit. Designs were therefore begun on 
a circuit breaker which would open within 0.007 second, which 
would cover most commercial machines; ¢.e., for 60 cycles and 
lower frequency. 

High-speed breakers had been suggested and attempts made 
to produce such devices previous to this time but, as far as the 
writers know, had never been made to obtain as high speed as 
the discussion shows would be necessary. 

Different types of construction were studied and samples of 
several preliminary models constructed without obtaining the 
speed desired. One of the most promising types of construction 
considered consisted of a knurled fly wheel operating continu- 
ously with a knurled cam, so designed and located that a current 
relay would insert a wedge between the wheel and the cam and 
trip a breaker attached to the cam by suitable toggle mechanism. 
This preliminary sample indicated that 0.035 second was the 
best speed that could be attained. 

It was then decided to concentrate all energies on a circuit 
breaker using the well known principle of a latch, heavy spring 
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Fic. 1 
Flashing at brushes on 1000-kw., 1500-volt generator forming part of 2000-kw., 3000-volt 
motor-generator set at five times load, showing different stages of arc formation. 


Fic. 2 [LINEBAUGH AND BURNHAM] 


High-speed photograph of flashing on 300-kw., 600-volt, 25-cycle synchronous converter 
with short circuit on 0.015 ohms additional їп the external circuit апа standard circuit 
breaker. 
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PLATE XXXVIII. 
А. 1. E. E. 
VOL. XXXVII, NO. 6 


High speed photograph of short circuit on 300-kw., 600-volt, 25-cycle, synchronous con- 
verter with standard circuit breaker. 


Ес. 4 [LINEBAUGH AND BURNHAM] 
3000-ampere, 3600-volt, direct-current high-speed сіту breaker, 
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PLATE XL. 
А. |. E. E, 
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FIG. 9 Fic. 10 
High-speed air cooled fuse holder with High-speed oil-cooled fuse holder, used in 
magnetic blow-out used in test, test. 
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Fic. 11 [LINEBAUGH AND BURNHAM] 

Short circuit on 300-kw., 600-volt, 25-cycle, synchronous converter protected by air- 

cooled high-speed fuse. Curve A, voltage across fuse; Curve B, line current; Curve C, 
collector-ring voltage. 


NUS Un YS BEND x 9" oe oe eee xs aü 


PLATE XLI. 
А. |. E. E. 
VOL. XXXVII, NO. 6 
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Fic. 12 
Short circuit on 300-kw., 600-volt, 25-cycle, synchronous converter protected by oil- 
cooled high-speed fuse. Curve A, voltage across fuse; Curve B, line current; Curve C, 
collector-ring voltage. 
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Fic. 13 
Short circuit on 300-kw., 600-volt, 25-cycle, synchronous converter protected by air- 
core reactor in direct-current circuit and standard circuit breaker. Curve A, voltage 
across circuit breaker; Curve B, line current; Curve C, collector-ring voltage. 
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Fic. 14 
Short circuit on 300-kw., 600-volt, 25-cycle, synchronous con verter protected by air-core 
reactor in direct-current circuit and standard circuit breaker; Curve-A, voltage across ar- 
mature; Curve B, line current; Curve C, collector-ring voltage. 


FiG. 15 [LINEBAUGH AND BURNHAM] 

Short circuit on 300-kw., 600-volt, 25-cycle, synchronous converter, protected by iron- 

core reactor in direct-current circuit and standard circuit breaker. Curve А, voltage 
across the armature; Curve B, line currert; Curve C, collector-ring voltage. 
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FiG. 16 


Second form cf high-speed circuit breaker, capacity 1500 amperes, 600 volts. 


Fic. 17 
Short circuit on 300-kw., 600-volt, 25-cvcle synchronous converter protected by second 
form of high-speed circuit breaker. Curve А, voltage across circuit breaker; Curve B, line 
current; Curve C, collector-ring voltage. 


Fic. 18 [LINEBAUGH AND BURNHAM] 


Short circuit on 500-kw., 600-volt, 60-cycle, synchronous converter protected by second 
form of high-speed circuit breaker. 
Left hand curve Right hand curve 
Load of 0.03 ohms Short circuit. 
Curve A, armature volts 
"< B, line current 
"  C,collector-ring voltage. 
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Fic. 19 


Final development of flash barriers on 300-kw., 25-cycle, 600-volt synchronous converter. 


Fic. 20 [LINEBAUGH AND BURNHAM] 


Short circuit on 300-kw., 25-cycle, 600-volt, synchronous converter protected by flash 
barriers and standard circuit breaker. 
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PLAT XLIV. 
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Fic. 21 


Short circuit on 300-kw., 25-cycle, 600-volt synchronous converter protected by flash 
barriers and standard circuit breaker. 
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Fic. 22 [LINEBAUGH AND BURNHAM] 

Short circuit on 300-kw., 600-volt, 25-cycle, synchroous converter equipped with flash 

barriers and standard circuit breaker. Curve A, armature volts; CurveB, line current; 
Curve €, collector-ring voltage. 
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Fic. 23 
High-speed photograph of short circuit on 300-kw., 600-vo!t 25-cycle synchronous con- 
verter protected by flash barriers and standard breaker. 


Fic. 24 [LINEBAUGH AND BURNHAM] 
High-speed photograph of short circuit on 300-kw., 600-volt, 25-cycle. synchronous con- 
verter protected by flash barriers and standard circuit. break 
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Fic. 25 
High-speed photograph of short circuit on 500-kw., 600-voit, 60-cycle synchronous con- 
verter without protection. 
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Fic. 26 [LINEBAUGH AND BURNHAM] 
500-kw., 25-cycle, 600-volt, synchronous converter, installed in autorratic substation, 
equipped with comrrercial form of flash barrier. 
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Fic. 27 
Flash barrier with front removed to show location and construction of arc scoop and wire- 
mesh arc coolers. 


Fic. 28 [LINEBAUGH AND BURNHAM] 


High-speed photograph of short circuit on 500-kw., 600-volt, 60-cycle, synchronous con- 
verter with flash barriers and standard circuit breaker with preliminary arrangement of 
brush rigging. Arc at outer end of commutator. 
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Fic. 29 
High-speed photograph of short circuit on 500-kw., 600-volt, 60-cycle synchronous соп” 
verter with flash barriers and standard circuit breaker with preliminary arrangement of 
brush rigging. Arc at outer end of brush rigging. 


[LINEBAUGH AND BURNHAM] 

High-speed photograph of short circuit on 500-kw., 600-volt, 60-cycle synchronous con- 

verter protected by flash barriers and standard circuit breaker after arrangement of brush 
rigging has been changed. Uniform distribution of flashing. 
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Fic. 31 


Short circuit on 500-kw., 600-volt, 60-cycle, synchronous converter protected by flash 
barriers and standard circuit breaker after arrangement of brush rigging had been changed 


Fic. 32 


Short circuit on 50-kw., 600-volt generator. Curve O, current in outside brush; Curve М 
current in middle brush; Curve /, current in inside brush. 


Fic. 33 [LINEBAUGH AND BURNHAM] 


Short circuit on 50-kw., 600-volt generator. Curve О, current in outside brush; Curve М, 
current in middle brush; Curve J, current in inside brush. 
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Fic. 34 


Short circuit on 50-kw., 600-volt generator. Curve O, current in outside brush; Curve M, 
current in middle brush; Curve 1, current in inside brush. 


Fic. 35 [LINEBAUGH AND BURNHAM] 


. Current passed through 50-kw., 600-volt geverator from an external source. 
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and series tripping coil, and the high speed breaker shown in 
Fig. 4 was finally built. 

The problem was to obtain very quick tripping, rapid accelera- 
tion of contacts and a sufficient number of ampere turns in the 
magnetic blowout to insure rapid breaking of the arc. Previous 
ideas of design had to be abandoned when working for such high 
speed when a loss of 0.001 second meant a very serious increase 
in time of operation. 

It was found that a series blowout coil had to be used, as 
sufficient time could not be allowed for the building up of a 
field after the contacts opened as is ordinarily done in circuit- 
breaker design, and the strength -of this coil must be many times 
that usually used to rupture the circuit by giving the quick start 
and acceleration to the arc necessary for the speed desired. The 
breaker in question has a total of about 150,000 ampere turns at 
the maximum current obtained. | 

The moving parts must all be as light as possible, consistent 
with the great strength required, so that they can be started, ac- 
celerated and stopped in a very short space of time and distance. 
Even with this type of construction, it was found necessary to 
use somewhat high spring pressure; the spring being compressed 
to about 8000 pounds when the breaker was closed and ready for 
tripping. 

A very special latch with very small tripping movement was 
designed somewhat similiar to the hair trigger on a rifle, in 
connection with a special high-speed tripping coil so that about 
0.001 inch movement of the plunger would trip the breaker. It 
wil assist in appreciating the speed attained when it is noted 
that the breaker must be arranged so that it will not trip under 
ordinary load condition and must be set above the tripping point 
of the regular substation breaker so that it will act while the cur- 
rent is increasing from say three and one-half times load to eight 
times load; current rising at therate of about 1,000,000 amperes 
per second. Fig. 5 gives a very good idea of speed and limiting 
of current, from which it will be seen that the breaker starts to 
insert resistance in about 0.008 second and the load on the 
machine is reduced well below the flashing value in 0.020 second 
after the short circuit was applied. 

А breaker was tested very exhaustively in connection with a 
2000-kilowatt 3000-volt  direct-current synchronous motor- 
generator set shown in Fig. 6, built for the Chicago, Milwaukee 
& St. Paul electrification, and found to give complete protection 
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from damage or burning on short circuit when equipped with 
barriers shown in Fig. 7. 

In connection with the test, it was found that even, the speed 
of 0.008 second obtained would not completely protect machines 
from flashing on the most severe short circuit, and barriers 
shown were designed and installed. Tests referred to with high- 
speed breakers were taken with these barriers, which will be 
described later. 

It is evident that it is preferable in case of short circuit to in- 
sert resistance Ьу a high-speed breaker to quickly limit the cur- 
rent to some conservative value and then open the circuit. This 
tvpe of protection has been. 
adopted as standard. All tests, 
investigations, etcetera, Were 5 D 


based on this theory, although 
some tests were taken by open- "—— Bus 
ing the circuit. It was found Knife Switches 


that there was a greater ten- 
dency for machine to flash if 


t Feeders | 


Standerd 
arcut Breakers 


O' Generators. 
the circuit was opened eom- 
pletely at one time or if ‘too ЕБРР 
high resistance was inserted, re- compensating Hide 
ducing the load to too low a 
value. For the sake of con- Equalizer Bus 


Series "eid 


venience and comparison, all 
tests were made throwing short 
circuit on the machine without “tts 
load. 

Some of these breakers have 
been in service since earlv in 1917 | | 
: р е Diagram of direct-current connections for 
in the substations of the Chicago, substation equipped with three motor-gener- 
Milwaukee & St. Paul Railroad ator sets protected by one high-speed circuit 

, . breaker connected across limiting resistance 
and have amply justified the 
faith of the railroad company and the designers, as they pro- 
tect the apparatus from all short circuits experienced, although 
all feeders are tapped directly to the overhead trolley system 
immediately at the substation. 

One of these breakers 1s installed in each of the substations 
connected between the negative bus of the station and the 
ground or return circuit, as this location gives maximum pro- 
tection, and one breaker can be used for each machine or one 
for the entire substation, as shown in Fig. 8. 


Negative Bus 


High Speed 
G t Breaker 


Ground 


Fic. 8 
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HicH SPEED FUSE 


It is evident that if a fuse could be developed that would melt 
at a very small increment of current above normal rating, it 
might be possible to obtain a speed which would limit the current 
on a short circuit along the same line as the high-speed circuit 
breaker just described. 

A careful study of all available metals was made bv Mr. P. E. 
Hosegood, who suggested using a silver fuse, and a number of 
Silver fuses of different shapes were tried in the special fuse 
holders shown in Figs. 9 and 10. Тһе oscillograph record, taken 
with air break fuse and magnetic blow-out, shown in Fig. 11, in- 
dicates that a very high speed is obtained, giving excellent pro- 
tection and duplicating almost exactly the speed of the high- 
speed circuit breaker. It was found that a short circuit could 
be thrown on the 300-kilowatt, 25-cycle, 600-volt synchronous 
converter without flashing over and with very little sparking 
at the brushes. The oil-immersed fuse holder without magretic 
blow-out gave practically the same result (Fig. 12), the operation 
being slightly better as far as speed was concerned but the 
mechanical difficulties of replacing the fuse, etc., being greater. 


REACTORS 


Oscillograph records ef short circuit on the 300-kilowatt, 25- 
cvcle, 600-volt synchronous converter show an average initial 
current rise of about 1,300,000 amperes per second. To protect 
by reactance, the amount required would depend on the rate of 
circuit-breaker action. With coils made of 1000 feet of 500,000- 
circular mil cable, wound on cable reels having an inductance of 
approximately 0.02 henry in circuit, this particular machine 
could be short circuited without flashing when protected bv a 
breaker opening in about 0.15 seconds. 

An examination of records, Figs. 13 and 14, will show the 
severe dutv on the circuit breaker and increase in voltage on s 
apparatus. 

It was suggested that shunting the reactor by resistance might 
reduce duty on the circuit breaker. The coils were shunted by 
14 and by 100 ohms and it was impossible to determine from 
either observation or oscillograph any effect due to the resistance. 

The effect of an iron core in a reactor having an inductance of 
0.00105 henry is shown in Fig. 15, from which it will be noted 
that the iron saturated at about 1000 amperes in about 0.007 
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seconds, after which the current rises abruptly, being limited 
only by the inductance of the coil as if there were no iron in its 
magnetic circuit. · The delay of about 0.007, seconds due to the 
prescnce of iron in the eoil, 15 far less than the time required for the 
usual breakers, now іп use, to open. The weight of this reactor 
was 7 per cent of the weight of the synchronous converter and 
would have to be many times larger to give protection with ап” 
ordinary breaker. 


SECOND FORM OF HIGH-SPEED CIRCUIT BREAKER 


Mr. J. F. Tritle has more recently suggested a design for a 
high speed circuit breaker which is simple and substantial in 
construction. This device was built as shown in Fig. 16 and test 
indicated that the speed was even faster than the large breaker 
previously described, as will be seen by comparing oscillograms, 
Fig. 5, on the large breaker, and Fig. 17 taken with the later 
breaker. This device is essentially a contactor having a lamin- 
ated structure with electric holding coil and series bucking coil 
so that it opens when the load current reaches a value sufficient 
to offset the ampere turns of the holding ceil. Tests on the 300- 
kilowatt, 25-cycle synchronous converter with this device showed 
that a short circuit could be thrown on the machine without any 
tendency of the machine to flash over, and the only sparking ob- 
tained extended not over one-half inch from the brushes. Simi- 
lar tests, Fig. 18, on the 60-cycle, 500-kilowatt synchronous con- 
verter showed more sparking and, although it protected the 
machine at times on short circuit, there were other times when the 
machine flashed over. When the machine was equipped with 
barriers, dead short circuit could be thrown on with impunity, 
there being no tendency to flash over and scarcely sufficient 
sparking to be noticeable. 

This later type of high-speed breaker is a part of the more re- 
cent equipment being furnished the Chicago, Milwaukee & St. 
Paul Railway. 

BARRIERS 


The barriers shown in Fig. 7 in connection with the descrip- 
tion of the high-speed circuit breaker were developed to 
delay time of flashover, so that the breaker would give complete 
protection. Such satisfactory and promising results were ob- 
tained without the breaker that it was decided to continue in- 
vestigation to ascertain if it would be possible to devise barriers 
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that would take care of all short circuits experienced in actual 
service. 

Under certain conditions it might be desirable to supplement 
rather than replace, appliances already installed or to protect 
from disturbances other than direct-current load which cause 
flashing. For instance, a synchronous converter could not be 
protected by a high-speed direct-current circuit breaker if flashing 
is caused by a.c. phase displacement. For this reason additional 
protection, such as barriers, to dissipate the arc when started 
was also needed. 

Many different forms of barriers were tried on the 300-kilo- 
watt, 25-cycle, 600-volt synchronous converter, previously 
mentioned. With increasing success as improvements were 
made to meet failures, the barriers shown in Fig. 19 were evolved. 
These barriers gave complete protection from flashover or 
damage on short circuit. Fig. 20 shows machine on short cir- 
cuit giving a good idea of flashing and protection afforded, 
while Fig. 21 shows clearly the small amount of flash which ex- 
tends beyond the barrier. 

About 65 short circuits were thrown on the 300-kilowatt, 
600-volt, 25-cycle machine without burning of brushes, brush 
connections or rigging, or damages of any kind to commutator 
or machine. Oscillogram, Fig. 22, shows a record of current 
reaching 34 times full load and gives a good idea of the pro- 
tection afforded. Many of these short circuits were applied at 
very short intervals, even as close as one minute apart, without 
failure to hold and extinguish the arc when the breaker opened 
the circuit. 

Figs. 28 and 24 are very interesting high-speed pictures of 
the same short circuit analyzed by means of a special high speed 
camera devised by Lieut. Chester Lichtenberg, and the success- 
ful high speed pictures we are able to show in this paper are 
mainly due to his efforts. This camera made it possible to ob- 
tain as high as 24 complete pictures of one short circuit, while 
the best results it was possible to obtain with a moving picture 
camera were two under-exposed and therefore indistinct pictures. 

А little explanation is necessary to read these photographs as, 
due to the construction of the camera, the lower right hand 
picture is the first picture of the short circuit; the next picture 
being the one immediately to the left, and so on to the end of 
the plate; the first picture at the right of the the next row being 
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the next picture in the same order and until the end of the plate 
and the number of rows of pictures. These pictures show very 
clearly the growth of the arc, disposition on commutator and dis- 
sipation of the arc as the regular breaker opens. "These perma- 
nent records eliminated the personal factors of memory and 
observation and showed the way for changes to give improve- 
ments in barriers. Fig. 25 illustrates very clearly what happens 
if the machine is short circuited without protection. 

The general arrangement of a successful barrier, Fig. 26, is 
shown herewith. | 

A close fitting box of fire-proof insulating material surrounds 
each set of brushes and is located so as to give a small clearance 
between the box and the commutator. 

On the side of the box towards which the commutator rotates 
after leaving the brush is fastened a V-shaped “scoop”, Fig. 27, 
of fire-proof insulating material, preferably having good heat 
conductivity, pointing toward the brush and having small 
running clearance from the commutator. 

Radiallv above the scoop, about one inch apart, are two 

metal screens, one coarse and one fine mesh, through which the 
arc 15 successively forced and cooled. 
- It was found that a moderate amount of material is required 
to give the necessary thermal capacity to prevent an arc from 
passing bevond a screen of this kind. The scoop running very 
close to the commutator with narrow edge and small clearance 
picks up the arc from the commutator and deflects it into the 
arc coolers which, from their construction, allow free passage of 
all gases generated bv the arc. The cooling and condensing of 
the arc reduces the gas pressure so that shields at the end of the 
commutator, to prevent the arc being thrown from the end of the 
commutator and communicated to pillow block and frame, are 
permissible. It will be noted from the illustrations that the 
commutators extend beyond the end of the barrier as it was 
found that the arc must be prevented from being communicated 
to the end of the bars. 

Investigation was then transferred to a 500-kilowatt, 60- 
cvcle, 600-volt synchronous converter and barriers of similar 
tvpe, but without continuous end shields, were tried. 

Tests showed that these barriers did not give protection on 
short circuit although thev prevented machine from flashing 
over on very high overload. The high-speed camera record in- 
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dicated that the arc was being thrown to the outer end of the 
commutator for some reason, causing such high gas pressure at 
the outer end of the commutator that the arc was blown under 
the barrier and the machine flashed over. Figs. 28 and 29. 

The differences in performance was ascribed to differences of 
magnetic fields acting on the arc. 

To demonstrate the effect of the magnetic field, various 
arrangements of connections of brush rigging were made, each 
to produce a different field where the arcing occurs. The re- 
sults indicate that it is possible to arrange the brush rigging and 
connection to make a barrier, as described above, effective on 
practically all commutating machines and to prevent complete 
flashover. Figs. 30 and 31 show the effects of change in con- 
nection on arc distribution, giving the uniform distribution 
most favorable to good barrier performance. 

Other tests were made to record the simultaneous short cir- 

cuit current in the outer, middle and inner 


“ү brushes by the oscillograph. The records in 
Figs. 32, 33 and 34 show typical variations 

РЕ of current distribution produced бу different 

" connections to brushes. The distribution of 

is T current is principally dependent on the mag- 


netic field surrounding the brushes where 
the arc is formed. To show that differences of impedance have 
very little influence, record Fig. 35 was taken with current 
supplied from an exterior source with no flashing. Jt will be 
seen that current is practically the same in all brushes. With 
some connections the deflection of the arc can be plainly seen to 
follow the well-known relation, as given in Fig. 36, but with the 
more complicated connections the difficulty of determining re- 
sultant field from many sources makes it difficult to determine the 
direction of deflection of the arc except by experiment. 
Direct-current machines for use in * automatic substations are 
being equipped with these barriers and short-circuit tests at the 
substations have been taken, indicating that thev will take care 
of any short circuit experienced in actualservice. These barriers 
are in operation and short-circuit tests were taken on a 500- 
kilowatt, 600-volt, 25-cycle synchronous converter of the Des 
Moines Electric Railway, Des Moines, Iowa, a 500 kilowatt, 600- 
volt, 60-cycle synchronous converter of the Coumbus Electric 
Railway & Light Company, Columbus, Ohio, and a 500-kilowatt, 
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30-cycle, 1200-volt synchronous converter at Montieth Junc- 
tion, Michigan, and other installations are now in service. 

The investigations and tests indicate that if any commutating 
machine is equipped with barriers and the last high-speed cir- 
cuit breaker described, complete protection will be given against 
external short circuits of all kinds so that interruption to service 
will not be of any greater duration than necessary for closing the 
circuit breaker as in ordinary overload operation. 


*See paper by Taylor and Allen, A.I.E.E. TRANSACTIONS Vol. 34, 1915, 
page 1801. 
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METHOD OF SYMMETRICAL CO-ORDINATES APPLIED 
TO THE SOLUTION OF POLYPHASE NETWORKS 


BY C. L. FORTESCUE 


ABSTRACT OF PAPER 


In the introduction a general discussion of unsymmetrical 
systems of co-planar vectors leads to the conclusion that they 
may be represented by symmetrical systems of the same number 
of vectors, the number of symmetrical systems required to define 
the given system being equal to its degrees of freedom. A few 
trigonometrical theorems which are to be used in the paper are 
called to mind. The paper is subdivided into three parts, an 
abstract of which follows. It is recommended that only that 
part of Part I up to formula (33) and the portion dealing with 
star-delta transformations be read before proceeding with Part II. 

Part I deals with the resolution of unsymmetrical groups of 
numbers into symmetrical groups. These numbers may repre- 
sent rotating vectors of systems of operators. A new operator 
termed the sequence operator is introduced which simplifies the 
manipulation. Formulas are derived for three-phase circuits. 
Star-delta transformations for symmetrical co-ordinates are given 
and expressions for power deduced. А short discussion of har- 
monics in three-phase systems is given. 

Part II deals with the practical application of this method to 
symmetrical rotating machines operating on unsymmetrical 
circuits. General formulas are derived and such special cases, 
as the single-phase induction motor, synchronous motor-genera- 
tor, phase converters of various types, are discussed. 


INTRODUCTION 


N THE latter part of 1913 the writer had occasion to investi- 
gate mathematically the operation of induction motors under 
unbalanced conditions. Тһе work was first carried out, having 
particularly in mind the determination of the operating char- 
acteristics of phase converters which may be considered as a 
particular case of unbalanced motor operation, but the scope 
of the subject broadened out very quickly and the writer under- 
took this paper in the belief that the subject would be of interest 
to many. | 
The most striking thing about the results obtained was their 
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symmetry; the solution always reduced to the sum of two or 
more symmetrical solutions. The writer was then led to in- 
quire if there were no general principles by which the solution 
of unbalanced polyphase systems could be reduced to the solu- 
tion of two or more balanced cases. The present paper is an 
endeavor to present a general method of solving polyphase 
network which has peculiar advantages when applied to the 
type of polyphase networks which include rotating machines. 

In physical investigations success depends often on a happy 
choice of co-ordinates. An electrical network being a dynamic 
system should also be aided by the selection of a suitable system 
of co-ordinates. The co-ordinates of a system are quantities 
which when given, completely define the system. Thus a system 
of three co-planar congruent vectors are defined when their 
magnitude and their angular position with respect to some fixed 
direction are given. Such a system may be said to have six 
degrees of freedom, for each vector may vary in magnitude and 
phase position without regard to the others. If, however, we 
impose the condition that the vector sum of these vectors shall 
be zero, we find that with the direction of one vector given, 
the other two vectors are completely defined when their magni- 
tude alone is given, the system has therefore lost two degrees 
of freedom by imposing the above condition which in dynamical 
theory is termed a ''constraint". If we impose a further con- 
dition that the vectors be svmmetrically disposed about their 
common origin this system will now have but two degrees of 
freedom. 

It 1s evident from the above definition that a system of n 
coplanar congruent vectors тау have 2 n degrees of freedom and 
that a system of m symmetrically spaced vectors of equal mag- 
nitude has but two degrees of freedom. It should be possible 
then bv a simple transformation to define the system of m 
arbitrary congruent vectors Бу и other svstems of congruent 
vectors wh'ch are symmetrical and have a common point. The 
n symmetrical systems so obtained are the symmetrical co- 
ordinates of the given system of vectors and completely define 
it. 

This method of representing polyphase systems has been 
emploved in the past to a limited extent, but up to the present 
time there has been as far as the author is aware no systematic 
presentation of the method. The writer hopes bv this paper to 
interest others in the application of the method, which will be 
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found to be a valuable instrument for the solution of certain 
classes of polyphase networks. 

In dealing with alternating currents in this paper, use is 
made of the complex variable which in its most general form 
may be represented as a vector of variable length rotating about 
a given point at variable angular velocity or better as the re- 
sultant of a number of vectors each of constant length rotating 
at different angular velocities in the same direction about a 
given point. This vector is represented in the text by 7, Ё, 
etc., and the conjugate vector which rotates at the same speed 
in the opposite direction is represented by Í, É, etc. The effec- 
tive value of the vector is represented by the symbol without 
the distinguishing mark аз Г, E, etc. The impedances Za, Zs, 


d 
ТЕ 
and the characteristics of the circuit; these characteristics are 
constants only when there is no physical motion. It will there- 
fore be necessary to carefully distinguish between Z, 1, and 
I, Za when Z, has the form of a differential operator. In the 
first case a differential operation is carried out on the time 
variable Ї, in the second case the differential operator is merely 
multiplied bv Г. 

The:most general expression for a simple harmonic quantitv 
e 15 


Zab, etc., are generally functions of the operator, D = 


e = А cos pt — B sin pt 
in exponential form this becomes 


е = А *jB ef tt + А-1В и 
2 2 
(А + j B) ei?! represents a vector of length V A? + B? rotating 
in the positive direction with angular velocity p while (A — 7 B) 
e^? is the conjugate vector rotating at the same angular 
velocity in the opposite direction. Since @? is equal to 
cos pt+j sin pt, the positively rotating vector Ë= (A +j B) еі?! 
will be | 

Ë = A cos pt — B sin pt + j (A sin pt + B cos pt) 
or the real part of É which is its projection on a given axis is 
equal to e and therefore É may be taken to represent e in phase 


and magnitude. It should be noted that the conjugate vector 
É is equally available, but it is not so convenient since the 
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operation -4- €i? gives — j be?! and the imaginary part 


of the impedance operator will have a negative sign. 

The complex roots of unity will be referred to from time to 
time in the paper. Thus the complete solution of the equation 
x" — 1 = 0 requires n different values of x, only one of which 
is real when n is an odd integer. To obtain the other roots we 
have the relation 


]-2cos27Tr--Fjsn277r 
= е2 т” 


Where r is any integer. We have therefore 
1 j 2*r 


and by giving successive integral values to r from 1 to n, all 
the n roots of X* — 1 = 0 are obtained namely, 


dr 2T 7 т 
а= е " = cos — + jJ sin — 
п п 
. 4х 
I 4T Р T 
аз =e cos — + 7 sn — 
n n 
бт 
^W. 
аз = е cos — +T J sm —— 


a, = еї?" = |] 


It will be observed that а» a3....a, are respectively equal to 
a° a. ae .a 7D, i 

When there is relative motion between the different parts 
of a circuit as for example in rotating machinery, the mutual 
inductances enter into the equation as time variables and when 
the motion is angular the quantities е“ and e77"! will appear 
in the operators. In this case we do not reject the portion of 
the operator having ew! as a factor, because the equations 
require that each vector shall be operated on by the operator 
as a whole which when it takes the form of a harmonic time 
function will contain terms with елі and ег“ in conjugate 
relation. In some cases as a result of this, solutions will appear 
with indices of e which are negative time variables; in such 
cases the vectors with negative index should be replaced bv 
their conjugates which rotate in the positive direction. 
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This paper is subdivided as fo'lows: 


Part I.—''The Method of Symmetrical Co-ordinates.” Deals 
with the theory of the method, and its application to simple 
polyphase circuits. 

Part II.—Application to Symmetrical Machines on Unbal- 
anced Polyphase Circuits. Takes up Induction Motors, Gener- 
ator and Synchronous Motor, Phase Balancers and Phase 
Convertors. 

Part III. Application to Machines having Unsymmetrical 
Windings. 

In the Appendix the mathematical representation of field 
forms and the derivation of the constants of different forms of 
networks is taken up. 

The portions of Part I dealing with unsymmetrical windings 
are not required for the applications taken up in Part II and 
may be deferred in a later reading. The greater part of Part I 
is taken up in deriving formulas for special cases from the 
general formulae (30) and (33), and the reading of the text fol- 
lowing these equations may be confined to the special cases of 
immediate interest. 

I wish to express my appreciation of the valuable help and 
suggestions that have been given me in the preparation of this 
paper by Prof. Karapetoff who suggested that the subject be 
presented in a mathematical paper and by Dr. J. Slepian to 
whom I am indebted for the idea of sequence operators and by 
others who have been interested in the paper. 


PART I 
Method of Symmetrical Generalized Co-ordinates 


RESOLUTION OF UNBALANCED SYSTEMS OF VECTORS AND 
OPERATORS 


The complex time function Ë may be used instead of the har- 
monic time function e in any equation algebraic or differential 
in which it appears linearly. The reason of this is because if 
any linear operation is performed on Ë the same operation per- 
formed on its conjugate É will give a result which is conjugate 
to that obtained from É, and the sum of the two results obtained 
is a solution of the same operation performed on É 4- É, or 2 e. 

It is customary to interpret É and É as coplanar vectors, 
rotating about a common point and e as the projection of either 
vector on a given line, É being a positively rotating vector and 
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E being a negatively rotating vector, and their projection on 
the given line being 
E+E 
о. (1) 
Obviously if this interpretation is accepted one of the two 
vectors becomes superfluous and the positively rotating vector 
Ё may be taken to represent the variable “е” and we may de- 
fine "e" by saying that “е” is the projection of the vector Ё 
on a given line or else by saying that “e” is the real part of the 
complex variable E. 
If 1, a, а?....а"-! are thes roots of the equation x*— 1 = 0 
a symmetrical polyphase system of » phases may be represented 
by 


En = En 
Ён =a Ey 
Ё = а? Ey, 
ТЕКТЕ (2) 
Ёл = аі Ё,, 
Another n phase system may be obtained by taking 
Ey. = Ет 
Ё, = a? Eye 
Ёз» = at Ё, 
ТЕ (8) 


and this also 15 symmetrical, although it is entirely different 
from (2). 

Since 1+ a+ a? + a"-!=0, the sum of all the vectors 
of a symmetrical polyphase system 1s zero. 

If Ë, Ë, Е,...Е, be a system of n vectors, the following 
identities may be proved by inspection: 


v 
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Е = Ë + В + Ë, +... É, 
PE n 
у Ё +аЁ. +a E +....an-1 Ё, 
H 
+ Ё, + а: É, + a3É, + ....a2-) Ё, 
# 
+ Ё + at) É+ a2¢-) Ë, +... gn- 00-0 É, 
n 
В Ë + а Ё, + a% Ё, + ....а-"-0 Ё, 
Т MMC ME CEN 
É _E, + Ë, + Ё, +....E, 
m n 
+ а" Ё, + a É+ a? É, +... a" Ё, 
п 
аз Ë + at Ë, tat Ë, + аео Ё, 
ý (4) 
+ a-C-1) Ë, + ar-1 Ë, + a2¢-) É,-- g(n- 060-70 Ё, 
n 
poten É +a- Ë, +a% Ë +....a7*- Ё, 
n 


e 9 e 4 е 9 ә е o o a o ù э ав 9 е > е à ^» ù э o е 9 o o * à е 4 э ө 4 е 9 е ө 4 э э * 9 * ө 


# € ° » 9 е е €9 э 9 ее ә еее e е 4 à е ө 9 е э à еге э 4 9 э э е $9 єє еее ө э еее е «= 


Ё — Ë + Ë, + В, +....Ё, 


n 


ДЕ anny + a E, + a? Ё, + а" Ё, 


п 


+ a-20- p Ё + а? Ё, + a‘ É, +... ‚а? (#—1) E, 


п 
ао Ё. + ar! By +... а" o D E, 
п 
pan Eit a? Tat +. al OVE, 


n 


It will be noted that in the expression for Ë, in the above 
formulae if the first term of each component is taken the result is 
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n zx orÉ,. If the succeeding terms of each component involving 


Ё, É,....É, respectively, are taken separately they add up to ex- 


pressions of the form B (l+a+a? +....а"—1) which are all 


equal to zero since (1-+а-а?+....а*7!) is едиа] їо zero. Inlike 
manner in the expression for Ё, É... Ë, respectively, all the terms 
of the components involving each of the quantities Ё, Ë, Es. . .etc. 
excepting the terms involving that one of which the components 


т 


are to be determined add up to expressions of the form 


(1 +a+a?+....a"~!) all of which are equal to zero, the re- 
maining terms add up to Ё, Е,...Е, respectively. It will 
now be apparent that (4), is true whatever may be the nature 
of É, Ё, etc., and therefore it is true of all numbers, real complex 
or imaginary, whatever they may represent and therefore 
similar relations may be obtained for current vectors and they 
may be extended to include not only vectors but also the oper- 
ators. 

In order to simplify the expressions which become unwieldy 
when applied to the general » phase system, let us consider a 
three phase system of vectors Ё, Ë, Ё.. Then we have the 
following identities: 

É — Ë, + É, E, + Е + a Ë, + a? Е, 
- 3 3 
Ё, + а? Ё, + а Е, 
" 3 


Es = Лс ыу 


E, + a? E, + а Е, (6) 
+ а 29а 


= у E 


Ë, + a? Ë, + a Ё, 


+a? 3 


(4) states the law that a system of n vectors or quantities 
may be resolved when n is prime into n different symmetrical 
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groups or systems, one of which consists of п equal vectors and 
the remaining (z — 1) systems consist of п equispaced vectors 
which with the first mentioned groups of equal vectors forms 
an equal number of symmetrical m-phase systems. When 
п is not prime some of the n-phase systems degenerate into’ 
repetitions of systems having numbers of phases corresponding 
to the factors of n. 

` Equation (5) states that any three vectors Ё, Ë, Ë, may be 


Ac 


Fic. 1—GRAPHICAL REPRESENTATION OF EQUATION 6. 


resolved into a system of three equal vectors Ë, Ёо Е and 
two symmetrical three phase systems Fai, а? Е,, а Eas, Eas, 
а Eaz, a? Eas, the first of which is of positive phase sequence and 
the second of negative phase sequence, or 


E, = Fao + Ea + Ea 
Ë, = Ё, + a? Ё. Ta Еа (6) 
Е, D Boo RE a Ea + а? Eu: 


3 x. - 
` „б. 
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Similarly 


һ = io + Ía + Та 
I, = Too uL 2^ +a I " (7) 
I, = 1% + a Í + a! I 


Figs. (1) and (2) show a graphical method of resolving three 
vectors into their symmetrical three-phase components corres- 
ponding to equations (D). 

The system of operators Zaa Zw Zee Zab Z+ Zea May be resolved 
in a similar manner into symmetrical groups, 


Fic. 2—GRAPHICAL REPRESENTATION OF EQUATION 5. 


Lea = Load + Zaal + Zaat 
Zu Z aad Б а? Zaa E a Zaa? (8) 
Lee = 2.0 +a Zaai + a? Zaa? 


Zao + Zai + Za 
Zao + а? 2. + а Zaa (9) 
Lea = Ёоо + a Zoi + а? Zas 


м IN 
ç 8 
| | 


There are similar relations for п phase systems. 
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EXPLANATION OF THEORY AND USE OF SEQUENCE OPERATOR 
Consider the following sequences of mth roots of unity: 


S=1, 1, 1....1 ] 
$12], а", a7....a7@-v 
S= 1, a^, а-....а:20-Ю 
| 
S =], a a?r’... adr (10) 


өші, a-0D, а-2еы), |, go - DD) 


S"-1 = К aT"), a^ ?-). E quai 


Consider the sequence obtained by the products of similar 
terms of S and 51. It will be 
S+ = 1, а-ы) g-20*D,,..q-(-D 61) (11) 
Similarly 
S* = 1, а”, а*.... 1 (12) 
and the sequence obtained by products of like terms of this 
sequence and S” is 
Sti = ], а, а... 4-00-98) (13) 


We may therefore apply the law of indices to the products of 
sequences to obtain the resulting sequence. 

In the case of the three-phase system we shall have the fol- 
lowing sequences only to consider, viz.: 


9*2], 1, 1 
5 = 1, а, а (14) | 
5 = 1, a, а? 
The complete system of currents Í, F, I, are defined by 
$ (1) = $ ho + S'la + S 1 (16) 


Similarly the impedances Zaa Zu Zee may be expressed in sym- 
metrical form 


and the mutual impedances Za, Дь, Zea are expressed by 
5 (Za) = 5 Zao + S! Zai + S* Газ (17) 
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Attention is called to the importance of preserving the cyclic 
order of self and mutual impedances, otherwise the rule for the 
sequence operator will not hold. Thus, Za, 2ь and и are in 
proper sequence as also are Zea, Zab, Zbc. 

When it is desired to change the first term in the sequence of 
polyphase vectors the resulting expression will be 


S (1) = S Lo + 5 а? Li + Sa Ta 
(18) 
S (1) = S hot Stata + Sa? Y., | 
Similarly in the case of the operators S (Za) we have 
S (Zs) = 5° Zaro + St a? 2. + 5 a Za 
S (Zea) = 5 ба + 51а 2а + 5% a? Zane | 7 
Similar rules apply to the e.m.fs. E, E, E. 
S (Éa) = S Ё. + S! Ё. + 5% Eas | 
S (Ё) = S Ea + S! a! Ea + Sa Eas | (20) 
S (Ё.) = S Ea + Sta Е. + Sa? E; | 


It should be kept in mind that any опе ofthe several expres- 
sions S (1) S (E) S (10, etc., completely specifies the system, 
and each of the members of the groups of equations given above 
is a complete statement of the svstem of vectors or operators 
and their relation. 


APPLICATION TO SELF AND MuTUAL IMPEDANCE OPERATIONS 


We may now proceed with the current, systems 5 (15), S (К), 
S (1) and the operating groups 5 (Za) S (Zu) S (Z..) etc. and 
the electromotive forces in exactly the same manner as for 
simple a-c. circuits. Thus, 


S (Ea) = 5 (Zaa) S (1) + S (Za) S (h) + S (Zaa) S (15) (21) 
(59 Z aad + D. Zaal + S Zaan) (S 1 + Э! T + S? І.) 


‚ + (5° 2 + 5! Дь + 5% 2а) 
(S Т + 51а? Ї, + Sa las) 


қадым а ыра 
| | (59 15 + S'a 11 + S? а? 1) 


S? (2..0 + 2 Zao) Fao + S {Zaoz + (1 + a?) баһа! I 
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+ S {Zaa + (1 + a) 2а) 1% 

+ S! (Za (1 + a) Zar} Lo 

+ S! {во + (a + a?) Za] La 

+ S! {Za + 2a бы} 15 

+ S {Zaa + (1 + а?) Zus] Teo 

+ (Zisi + 2 а? Дь} Ll. 

+ 5? {Zao + (a + a?) Хы! Ta: (22) 


Or since 1+a+ a =0, 1 +а = – а? 1+a’? =—a and 
a +a = – 1 


S (Éa) = 5 (2.0 + 2 Zu) Fao + 5 (Zaoz — а Za) Ta 
+ 5° (бел — а? Zo) p + S (Zaai — а? 2а) Ж 
+ S! (2.0 — Zoo) Tai + S! (2. + За Zo) Tas 
+ 5? (Zaar — а Za) То + 5 (Zaai + 2 a? Zu) 14 
+ 5% (2. — Zoo) 1 (23) 


Or since 
5 (Zoe) = 5° 2ьо + S! Za + 5° 2, 
= S" Zao + S! a! 2. + 5 а Zo: 
we may write (23) in the form 
S (Éa) = 5° (2. + 2 Zw) Too + 5° (аа — ьа) Ta 
+ S (Zaai — 2а) Lor + S! (Zaai — Zia) 1% 
+ S! (2. — Zoco) La + S! (Zaart 2 Zoer) Tas 
+ S? (Zu: — Zoer) Tao + 5% (Zaai + 2 Zeer) Ta | 
+ S? (2..0 — Zw) 1 (24) 


which is the more symmetrical form. We have therefore from 
(24) by expressing S (Ё„) in terms of svmmetrical co-ordinates 
the three symmetrical equations 


5° Ёш = 5 {(Zaao + 2 Zu») Too + (Z. — Zoea) Ra | 
+ (Zaai — Zw) Tal 
S E, = S ((Zaui— Zi) Lav + (Фао — Zoco) La 
+ (Zaar + 2 2а) La 
S Es = S! (Za — Zw) о + (Zaai + 2 Zi) Ta 
l bez) 


(25) 
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An important case to which we must next give consideration 
is that of mutual inductance between a primary polyphase 
circuit and a secondary polyphase circuit. The mutual im- 
pedances may be arranged in three sets. Let the currents in 
the secondary windings be I, J, and Iw, we may then express 
the generalized mutual impedances as follows: 


(I) Zau бь Zew 
(II) Пью Leu as (20) 
(III) Ze, Zaw Zou 


Each set may be resolved into three symmetrical groups, so 
that 


S (а) = 7% Leis + S! Z ail + S? Дам» 
S (Zow) = 9 Z wo + 51 Lowi + S? Low2 (27) 
5 (Zev) Ed Zcvo RE S! Zei + 5° Z+ 


and we have for S (Ё,) the primary induced e.m.f. due to the 
secondary currents S (T.) 


S (Ej) = S (Zau) $ (Lu) + S (Zas) S (1) + S (Zaw) S (Iv) (28) 


Substituting for S (/,), S (1) and S (fw) and S (Zau), S (Zav), 
S (Zaw) their symmetrical equivalents we have 


S (Eq) = S (2. + 2 ыш + Zero) Т.о 

+ S? („ә + а Lows + а? Zero) 14 

+ S" (2..1 + а? Zw + a Zea) Fas 

+ S! (Zou + a Zwi + а? Zeer) To 

+ S! (Zouo + a? Zewo + a Zero) АҺ 

+ S! (Zaue + 2ыл + Zero) Ta 

+ 5? (Zaur + а’ Дь + a Zoa) Loo 

+ S (Zour + был + Ze) 11 

+ S? (2. + а 2 + a? Zaro) 1% . (29) 
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On expressing S (Éa) in symmetrical form we have the following 
three symmetrical equations | 


S Eso = S? {(Zauo + Гь + Zevo) Luo 
+ (Zour + а ыз + а? Zevs) 1, 
+ (2.1 + a? Ziwi + a Zeer) Tal 
S! Bay = 5 {(Za + а Zim + a! 2.1) To 
+ (2..0 + a? 2 + а 2) Ta (30) 
+ (Zeus + Zes + Zeva) Tas] 
5 Е, = 5% {(Zauz + а? 2 + a Zeva) 1,9 
+ (Zour + Z= + Ze) la 
+ (2..0 + a 2 + а? Zevo) Tas] 


For the e.m.f. S (Ё„) induced in the secondary by the primary 
currents S (1,) we have 


S (Ey) = S (Z4) 5 (1) + S (Zou) S (I) + S (Zeu) 5(1) (81) 


Since S (Z,,) bears the same relation to S (Za) as S (Za) 
does to S (Zw) and S (2%5 bears the same relation to S (Хь) 
as S (Zaw) does to 5 (2..) to obtain S (Ё,) all that will be neces- 
sary will be tointerchange Zi» and Z., in (29) and change Го [ил Tus 
to Ža Iai and Ña: respectively, this gives 


S (Ex) = $ (2. + Zee + Zero) Too 

+ S (Zaur + a? Zws + а Zere) Ta 

+ S (Zour + а Zomi + а? Zoni) 1. 

+ S! (Zour + а? Zwi + a Zeer) Їл 

+ S! (Zeuo + а 2? + a? Zoo) La 

+ S! (Zas: + Zen + Ze) La 

+ S (Zour + а 2ыз + а? Zave) Too 

+ S (Zour + быт + Zeri) La 

+ S! (Zouo + Zewo + Ze) 1 (32) 
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and the three symmetrical equations will be 


on ыйы Ей а 
+ (Zaus + a? Zes + а бы + a Zas) 14 
+ (Zou: + а Ze) + a? Zai) La] 
S! Ё = S! (Zeui + a? Ze + a Zeri) 1% 
+ (Zavo + a 2м + а? Zevo) Ta (33) 
+ (Zeus + Zea + 2.4) Tas] 
S? {(Zouz + а Zee + а? 2..1) Loo 
+ (Zaur + Zomi + Ze) 14 
+ (2..0 + a? Zwo + а Zevo) 144) 


‚ 5 Exo 


S? Éu: 


The same methods may be applied to polyphase systems of any 
number of phase. When the number of phases is not prime the 
system may sometimes be dealt with as a number of polyphase 
systems having mutual inductance between them :—For example, 
a nine-phase system may be treated as three three-phase sys- 
tems, a twelve phase system as three four-phase or four three- 
phase systems. In certain froms of dissymmetry this method is 
of great practical value, and its application will be taken up later. 

For the present part of the paper we shall confine ourselves 
to the three-phase system, and dissymmetries of several dif- 
ferent kinds. 

The operators Zau Zaa, etc., must be interpreted in the broadest 
sense. They may be simple complex quantities or they may 


be functions of the differential operator a For if 


i = S (А, cosn wt + B, sin n wt) 


it may be expressed in the form 
4 = ХУ (a e 4 Ant ios em) 


г, 1 (34) 
x xa | 


— real part of / 
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and any linear algebraic operation performed on 7/2 will give 
a result which will be conjugate to that obtained by carrying 
out the same operation on 7/2 and since the true solution is 
the sum of these results, it may also be obtained by taking the 
real part of the result of performing the operation on 7 


MODIFICATION OF THE GENERAL САЗЕ Мет WITH IN PRACTICAL 

| 2 NETWORKS 

Several symmetrical arrangements of the operator Z,, etc.' 
are frequently met with in practical networks which result in 
a much simpler system of equations than those obtained for 
the general case as in equations (29) to (33). Thus for example 
if all the operators in (26) are equal, all the operators in (27), 
except .5° Zauo S? Дь» and 592, are equal to zero, and these 
three quantities are also caual to one another so that equation 
(30). becomes 


S Ё = S" (2.0 + бью + Zevo) Luo 
SE, =0 | (35) 
5 Eos = 0 

and equation (33) 
S Ёо = S (2.0 + Zewo + Zevo) 1 
S Eu. = 0 (36) 
S Ev: = 0 


This is the statement in symmetrical co-ordinates that a sym- 
metrically disposed polyphase transmission line will produce 
no -electromagnetic induction in a second similar polyphase 
system so disposed with respect to the first that mutual induc- 
tions between all phases of the two are equal except that due to 
single- -phase currents passing through the conductors. 


If in (26) the quantities in each group only are equal, equations 
(80) and (33) become 


S" Ё, = 5% (Сашо + Zowo + Zo) uo 
51 Ea = SE (Zauo + а? ьш» + а Z.vo) fa (37) 
S! Ea = S (Само + a Z ywo + а? Zo) Ls 
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5" Evo S? (Zauo + Zowo + Дм) Li 
S! Ea = S! (аиб + a Zowo + a? соо) lu (38) 
St Ё, = S! (Zauot а? Zwo + a Ze) Tas | 


SYMMETRICAL FORMS OF COMMON OCCURRENCE 
A symmetrical form which is of importance because it is of 
frequent occurrence in practical polyphase networks has the 
terms in group (I) equation (26) all equal and those in group 


iti) eases = 


3 times those in group (I) and those in group (III) 


COS om times those in group (I). 


3 


Ж 27 a + a° 4T "TM 
Since cos —8 = + = cos — we have on substituting 


the values of the impedances in this case, 


S Ёш = 0 { Zauo (1 +a + a°)! Is = 0 


S! Éa = S! 14 Zool (39) 
5 Ea = 5% 14 До Ta 

S Еш = 5 {Zano (1 + а + a*)} № = 0 

S! Ё S 14 Ро Last (40) 
S Ё, = 5122,5 15 


Тһе elementsNin group I may be unequal but groups II and 


III may be obtained from group I by multiplying by cos 5 


2 т 
and cos —— respectively. 


3 


№ The members of the three groups will then be related as fol- 
lows, the same sequence being used as before, 


(I) Z wi Liv; zc 


(II) a+ а? Z ata Z a + а? 2, 
2 cw, 9 ач» 9 v 
(41) 
a + а? а+а а+а 
(IIT) 2 Lov, 2 Lew 2 Zou 
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Consequently the following relations are true: 


a + a° 


59 Zewo = ERN 5° Z; 
2 

SZ. = ° T” D Z. 
Е 2 

51 Гыл = : LE g S! баш 


S Zw: ‚+. S Zeus 


S! Zen = EE S Zeus 
5? Z< - 5а au? 
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(42) 


Substituting these relations in (80) and (33) we have for this 


system of mutual impedances 
бағ + = + ов = 0 


“ао + a Zewo + а? Zevo 
Zauo + а? Дьо + a Zeo = 13 ш 
Laur + был + Zeer = 15 “аш 

Zour + a Z=) + а? Zeni = 13 Гал 


12 Zero 


Zour + а? Zovi + a Zev = 0 

Йом? + ?ыз + Zoo = 14 Zour 
Дм» + а Фи» + a? Zea = 0 

Zeus + а? Zes + a Жиз = 14 Za 


which on substitution in (30) and (33) gives 


S Ё = 0 


51 Ё. = t {13 Zee 1% + 14 Zauo Га + 13 Laur Та) 
s Fas = S? {13 ач? Li + 1j Za ГА + 13 Z auo Lal 


SY Exo = ҚЫ {1 Zau? Li + 14 ша Т! 
n Fu = 51 (14 2.0 Ia + 13 баи? m 
S Ey = 5? {13 баш p M + 13 Zauod m 


(43) 


(44) 


(45) 


(46) 


(47) 
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The above symmetrical forms in which the factors cos ЫЫ 


апа со$ ы occur apply particularly to electromagnetic induc- 


tion between windings distributed over the surfaces of co- 
axial cylinders; where if the plane of symmetry of one winding 
be taken as the datum plane, the mutual impedance between 
this winding and any other is a harmonic function of the angle 
between its plane of symmetry and the datum plane. In other 
words, the mutual impedances are functions of position on the 
circumference of a circle and may therefore be expanded by 
Fourier's theorem in a series of integral harmonics of the angle 
made by the planes of symmetry with the datum plane. Since 
the same procedure applies to all the terms of the expansion 
it is necessary only to consider the simple harmonic case. In 
the partially symmetrical cases of mutual induction, such as 
that taken up in the preceding discussion, there will be a differ- 
ence between two possible cases, viz:—Symmetrical primary, 
unsymmetrical secondary, which is the case just considered, and 
unsymmetrical primary and symmetrical secondary in which 
the impedances of (26) will have the following values 


(I) ом, дье, Lew 


а + а? а + а? а + а? 

(II) 2 Loe; ЕСЕ P PE 2 i Za (48) 
а + а? а + а: a + а? 

(III) 9 Lis. 2 Za; 2 Z, 


The results may be immediately set down by symmetry from 
equations (46) and (47), but the difference between the two 
cases will be better appreciated by setting down the component 
symmetrical impedances, thus we have 


S? Zewo = x S? Zour 
SZ. = L7 D Za 
Е $$ Za 
S? Zee = 1 t d йн = 
Shaa 5 d SZ 
Szabo. 
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Substituting these relations in the impedances used in 
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and (33) they become 


ZZ dum | 
Zour а Line 02. = 14 Zeno 
2..0 + a? Zw + а Ро = 14 Za 
Bic Die Zoe mdi Zu 

Zour + а Ёма + а? Zea 


0 
аланда ст ict 
азы да aud ы 
2.2 + a Zeus + а? Zo = 14 Za 


Zau? + a? Low2 + a Zer? 0 


And we have from (30) and (33), or by symmetry 


5 Fao 
S Ё. 
S Eas 
S" Exo 
5 Ey, 


S: É., 


= © {1} 1... Li + 13 Zani Ia 
= S (13 Zano Ги + Ш Zour Tal 


S? (13 Zour Fa + 14 Zano la 

zo 

S! {1} Zour Loo + 14 Zac Га + 14 Zaue Li 
SU Ziv T AE Diet h a Та 
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(30) 


(50) 


(51) 


(52) 


(53) 


(54) 


If the angle between the planes of symmetry of the coils and 


the datum plane are subject to changes, cos 


in the preceding discussion must be replaced bv 


2T nud. d uro vog 
cos (= + 6) = 2 е? + g 64” 


Ат "HE 
сов (5 +ø) = -5e oo д 


where 0 is measured from the datum plane 


25 4х 
—— .and cos —— 


3 


(55) 


In the strictly symmetrical case of co-axial cylindrical sur- 
face windings in which the members of each group of mutual 
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impedances are equal, the result of substituting (65) in the 
equations for induced e.m.f. will be 


S Eco = 0 

S! Ë, = S! (14 Дао e? 1,4) | (56) 
S Ё, = S (13 Zauo e Fua) 

S Ёш = 0 

5! Eu = S! (14 Zauo 6777 I) | (57) 
S: Ë, I = S (14 Ише! LT.) 


In the case having symmetrical primary and unsymmetrical 
secondary in which members of each group are different, but 
in which there are harmonic relations between corresponding 
members of the different groups, the impedances are 


(I) аш Lov, Дм 


2 
(II) ( 2 ei? + = eit) Lew 
a. a? а . а? | 
= е + 5672") УТ (5 е” +-5- е”) 
( 2 2 2 2 (58) 


| (III) (-5- et es) ЙЫ. 


eee) е) 
J 


Тһе symmetrical component mutual impedances will have the 
following values in terms of бао аи Фан? 


2 
5% Lowo = (+ ej? + > ез) 5° Laud 


| Э? бора 


eit + -2- өз") S Zu 


S! Lowi (69 
) 


i Levi = 


5° боз = 


(2 
-( 
S Lun = (F + Soe 
(= 
s 
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Substituting these relations in the impedances of equations 


(30) and (33) they become 
Zo + Zowo + Сео = 0 
оно + а Сью + а? Zero = 14 ш e V? 
“ао + а? дьо + a Zero = 13 Zeuo ei? 


Lauri + £i + Ze = 13 Дам € 9 
2.1 + а бью + а? 2. = 13 аа ei’? 
Дл + a? Zee: + a Де = 0 


Дз + Zoe: + Z¿a = 14 Z. 67 
2. + а =з + а? 2. = 0 
2. + а? ?ыз + G 202 = 13 Zau 677 
which on substitution in (30) and (33) give 
S Ё, = 0 
S E, = S {1$ Zour? Fa + 14 Zu еі? T, 
+ 14 Za еј? 1.4) 
S Ё, = S {1} Zour 677% То + 13 Zou 6777 p 
+ 14 Zio e "m 
S Ёш = S {14 Zu e Ía + 14 Zour ei? | 
5! Ё = 5! {14 2..0 e779 I + 13 Zau: e? I: 
52 É.: = S {14 Zai e 14 + 13 Zauo е” T 


(60) 


(61) 


(62) 


(63) 


(64) 


In the case of unsymmetrical primary and symmetrical 
secondary, we have for the value of the impedance in terms of 


2.0 ач and Zau? 
(I) Z< Zov, Zew 


(II) (3 202. a +i) Zae, 


2 ge +o) (5 ө 
(5 e + Se Lew, 2 €t 


am (-2 eit + ei) Z 


| 
ез еда (Po em) 


(65) 
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The symmetrical component mutual impedances in terms of 
Lauds Laui» Zau? are : 


| 9 
S Ёш = ( P eo Acn) 5 Zouo 


a? 


5% Zero = ei? RE Mk S Zeut 


51 в, = (60) 


3! Zool = 


A Zer = 


( 
(5 
$ Ze = (- е" +5 s) S Zeus 
(= 
| 


And the impedances of equations (80) and (33) become 
Zub b Zi = 0 
„о + а бью + а? 2.0 = 14 „ве 7% (67) 
“ао + a? Zowo + a в = 14 Zauo €* 
Zour + был + Ze = 14 Zour e? 
Zavi + а „у + a? 2. = 0 (68) 
Zour + а? Zovi + a Z. = 13 Lous e779 


Zau? + АЗ F Zer = 14 Zau? ei? : с ue ui 
Zau? +a Дь? + а? Zev = 14 Zau? ej? (69) 
Laut + а? ы + а Zev? = 0 


And on substitution in (30) and (33), or by symmetry from 
(63) and (64), we have 


S? Ё. = ‚5% {14 Laut ej? L3 + 14 Жан eJ? m 
3 Ё. = 51 {13 “Lead ej? T + 13 Žau? е-2% Tal (70) 
5З Е, = ç? (13 ані ei? I F 1j бач0 674! I 
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S Evo = 0 
S Éa = 51 {1} Zou 67% Too + 14 Zauo e779 Íu 

+ 1} Zau е 7 Ia] | " (71) 
S Bus = 5? {14 Zau: 62! I + 13 Z, a €7° 11 | 

+ 14 Zs e? m 


А fuller discussion of self and mutual impedances of co-axial 
cylindrical windings will be found in the Appendix. It will be 
sufficient to note here that in the case of self inductance and 
mutual inductance of stationary windings symfnetrically dis- 
posed if they are equal 


Ma = Мы = Mea =2 (4.7 = Jj 
у (72) 


3 
Laa = Ls = Lee = Маз = Мы = M. = ХА, 


If the windings are symmetrically disposed but have different 
number of turns 


| = Maa = 2A, 
` Ls My = 2 В, | (73) 


Lee = М = 2-С» 


Ma = 2( V/A, B, cos =”) 


M. z( УВ. C, cos 7 а 7) (T4) 


Ma = S (Уся. А, со =") 


If the coils are alike but unsymmetrically spaced Laa Lee La have 
the same values, namely J A, and 


2пт 
3 


+ (A, sinn 6,) sin an | 


y .. 


“Мы zd (A, cos n б) с СО$ 


Мь = 2 f (Aq cos n 01) pon л 
à | (75) 
. . 2пт 
+ (A, sin n 0;) sin | 


5 


z | (A, cos n 01) cos = ы 


To TN I 9.) sin 20 Е т | 


654 FORTESCUE: SYMMETRICAL CO-ORDINATES [June 28 


If they are unequal as well as unsymmetrically disposed but are 
otherwise similar Laa Ly Lee have values as in (64) and 


Mo 


2 (МА, B, cos п 01) cos 2 ы 
| 
2n 
Р (76) 


+ (УВ, C, sin n 0,) sin cue | 


SAL B Bad sn 3 


Мь = S | (v3, C, cos n Өз) cos 


8 


2пт 
à 


ane | 
3 


Mea = 51 (/C, А, cos n 0.) cos 


+ (JC, A, sin n Өз) sin 


Where the windings are dissimilar in every respect the expres- 
.sions become more complicated. А short outline of this subject 
is given in the Appendix. 

In the case of mutual inductance between two coaxial cylindri- 
cal systems, one of which А, B, C is the primary and the other 
U, V, W the secondary, the following 
conventions should be followed: 

(a) All angles are measured, taking 
the primary planes of symmetry as data 
in a positive direction. 

(b) The datum plane for all windings 
is the plane of symmetry of the primary 
A phase. | | M | Wee 

(c) All mechanical motions unless В Ee 
otherwise stated shall be considered as Ес. 3— CONVENTIONAL 
positive rotations of the secondary Disposition or PHASES 
cylinder about its axis. AND DIRECTION OF Ro- 

(d) The conventional disposition of EMEN 
the phases and the direction of rotation of the secondary wind- 
ing are indicated in Fig. 3. 

We shall consider five cases; Case 1 being the completely sym- 
metrical case and the rest being symmetrical in one winding, the 
other winding being unsymmetrical in magnitude and phase, or 
both, but all windings having the same form and distribution of 
coils. 
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Case Г. All Windings Symmetrical. 
М.и = Мы = Mee = ХА, cos n 0 


Mou = Ma = Ма = J An COS n (= + в) 
(77) 


М. = Мос = Mou 


УА, cos п (ат + в) 


Case II. Primary Windings equal and Symmetrical, Secondary 
Windings unequal but otherwise Symmetrical. 


М.и = © A,cosn 0, My, = 5 B, cosn 0, Meu 
= У C. cos n 0 


Мы = У С, соз п қа 


+). 
e) 
) 


Mas = X В, соѕ п C + (78) 
4 т 

M.22B cos п (“7 + 2] 

Maw = У C, cos п e + в). 
4 т 

My = Z An cos n ($F + 6) | 


Case III. Primary Winding Unequal but Otherwise Symmetri- 
cal, Secondary Winding &qual and Symmetrical. 


М. = XZ À, cos n 0, Мы = В, cos n 0, M. = У C, cos nO 
Мы = 2 B, cos n (27 + в). 


3 
2r | 
M. => Cy cos x (7 + 2 | 
27 | 
Ме, = PET ES + ө (79) 
4 т 
Man = > С, Үн а + 6). 
4 т 
Moe = ХА, сов n (5 + 8), 
Мы = 2 В, cos n (4. + в) 
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Case IV. Same as Case 11 except in addition to inequahty 
Secondary Windings are Displaced from Symmetry by angles З 
оз and аз whose sum 15 zero. 


Ma = 2 (А.б а, cos n 0 + А, sina, sin т 0) 
М, = E (B, cos as cos n 0 + B, sin аз sin m 0) 
M.., = E (С, cos as cos n 0 + C, sinassin n 0) 


My, = 2 | C. COS аҙ COS N (27 + ) 


+ C, sin as sin п (22 + 0) | 
2 T 
Ме = 2 > (4. cos о cos n (= + 6) 
27 
+ A, sina, sin n 27 + 6)} 
27 
М, = 2 | В, cos аз cos n T + в) 
2T 
+ B, sin an sin n (= + 8) (80) 
4 т 
М. = > (В, cos Оз COS n (> + в) 
; ; 4 т 
+ В, sin a. sin п (= + в) | 
| | 4T 
Maus = > { Cx cos аз cos n (=F + 0) 
: . o 4r 
+ С sin as sin п (57- + 0) ) 
| /AT 
Mi, = = (4 cos өң cos n ( 3 + 6) 
4 п 
+ А sin an sin n (7 + 0) } 


Case V. Same as Case III except that the Primary Windings 
are Unsymmetrically ыр with respect to one another as well as 
being unequal. 
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M, = У (A,cosa;cosn + Ansin asinn Ө) 
М» = = (В„со es cos n 0 + B, sin as sin n 0) 
М., = У (С, cos «з cos n 0 + C, un оз sin n 0) 


| Mow 


> | B= cos аз cos п (=F + 0 
А : 27 

+ B, sin аз sin n (== 

Ma = > { А. cos as cos n (Ж 

2т 
3 


+ A, sin ae, sin x ( 


to 
5 


Ma = š { с. COS Q3 COS N 
+ C, sin Qs sin n 


M; = > 10 COS Qs COS N 


> (А, COS @ COS n 


= 
| 


+ A. sin а sin n 


( 
( 
+ С. sin as sin n ( 
( 
C 
( 


Мы = 2 (в, COS ©: COS N 


+ B, кекете + ®)) 


The expressions for dissymmetry in both windings and for un- 
symmetrically wound coils, etc., are more complicated and will be 
dealt with in the Appendix. 

The impedances Za Zw, etc., Zau ZL, etc., are functions of 
M. Mu, etc., Mau Moe, etc., and the resistances of the system, 
The component of e. m. f. proportional to the current due to 


658 FORTESCUE: SYMMETRICAL CO-ORDINATES [June 29 
mutual impedance is so small that it may generally be neglected 


so that Zau becomes £ Mau, дь = EM Мы. and so forth. 


d dt 


If the secondary winding is rotating at an angular velocity 
о, біп equation (56) becomes о і and the operators Zaa, etc. 
operate on such products as е f,, еш Ї,, where 1, and 
[.з are three variables. 

The following relations will be found useful 1n the application 
of the method in actual examples. 


If D denotes the operator EA and e (2) isa rational algebraic 
d х | 
function of Z 
v (D) e* = ф (a) ез: 
+ (р) (ез Х| = e w(D+a) X i 
е (D) Y = е (D + a) Ye | 


Where X and Y may be any function of x. 


(82) 


Star and Delta e.m.fs. and Currents in Terms of Symmetrical 
Components 


It has been shown in the preceding portion of this paper that 
the e. m. fs. Ё, Ë, and Ё, and the currents 1, f, and Í. whatever 
their distortion, may be represented by the sum of symmetrical 
systems of e. m. fs. or currents so that the two expressions 


S (Ša) қы ы Evo + >? Ea + 9? Ё. 
5 (Fa) ye Is + S! Li + ҚЫ Ts 


completely define these two svstems. 


If we take the delta e. m. fs. and currents corresponding to 
S Ё S! Ё. and S? Е, S! Ка, S Igo, we have, since P, leads Éa, 


| (83) 


by > and É,4 lags behind Ea: by the same angle 
S Exo = 0 
S! Ё, = j уЗ 5! E, 
S? Ёш, = — j V3 S Éa 
5% [ье = indeterminate from S (Ї,) (84) 
S Ia = i St L, 


OE тт =] SL 
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And therefore if we take Ša as the principal vector 
S Ёо = 0 | 
S Ej = ja УЗ Ea 
S Eas = —ja? ҮЗЕ, | 
` 5 (Ea) = S! Ear + S Ё J 


(86) 


The last equation of group (86) when expanded gives 
Ew = j УЗ (a Ë, — а? Éa) 
Ё. = j УЗ (Ё. — Ea) (86) 
Ё = j УЗ (а? Еш — a Eqs) 


which may also be obtained direct from (83) by means of the 
relations 


Ey = É,— Ea 

Ex = Е, ырды Ё, 

E. = Е, == Ё, 
Similarly 


S° Ї = indeterminate from S (Ía) 


51 a= ja cL Ты 
V3 


1 
$ = j a? — Іа? 7 
S? le Ја V3 li (8 ) 


S (Eu) = S Taso + S! Tai + 5° Tas 


with similar expression for I 1 and Га which may be verified 
by means of the relations 


I, = Ía — Í, + о ° 
h = Í.— Ë + la 
f. = Tye — Lea + М 


Conversely to (84) we have the following relations 
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S° Ё = indeterminate from S (Ёш) 


2 
а БИ Sus 


УЗ УЗ 
is A =. === 
p S? Ё, J “3 S? Erven J “3 S? Eos (88) 


S T 
S! Ía = — j v3 She = — ја? v3 S! lu 
Ste = jV3 Sh. = jav3S La 


indeterminate from S (To) 


It wil be sufficient in order to illustrate the application of 
the principle of symmetrical coordinates to simple circuits to 
apply it to a few simple cases of transformer connections before 
proceeding to its application to rotating polyphase systems to 
which it is particularly adapted. 


UNSYMMETRICAL BANK or DELTA-DELTA TRANSFORMERS 
OPERATING ON A SYMMETRICAL CIRCUIT SUPPLYING A 
BALANCED SYSTEM 


Let the transformer effective impedances be Z,& Zac Zca and 
let the secondary load currents be f, Г, and Г, and let 
the star load impedance be Z. One to one ratio of trans- 
formation will be assumed, and the effect of the magnetizing 
current will be neglected. The symmetrical equations are 


O = 5° (2 во Luo + 2 авз La + бат Las) 
S! Bun = S! Bay — 51 (Zan Lao + Гав La + Zane Їз) 


53 Ёз = 0— S? (Zam Faso + Z," ы + 2, 1з) 
| (89) 
S Fa = 0 
S Z Li = Еш 
S: Z 1ш = Ёш 


Since the transformation ratio is unity and the effects of 
magnetizing currents are negligible 5 fa, = S! fy, St Tas 
= 5? уз. And therefore by means of the relations (85), the last 
two equations may be expressed 
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S! É.,.-2S83Zla 


| | (90) 
SÉ = 5% 3 Z Ln 
in other words, the symmetrical components appear in the 
secondary as independent systems, 3 Z being the delta load im- 
pedance equivalent to the star impedance Z. 

Substituting from (90) in the second and third equation and 
eliminating Is by means of the first equation, and we have 


Si Ё = 51 {( 82 + Zm- Железі 


лы 
+ (2. - 2а Ти} | 
so= s {(2ыь- Z ) L, ui 


+(32+2ь- Lum) 1} 


which, when S! and 5? are removed, give two simultaneous equa- 
tions in Za: and Za. 

А modification of the problem may occur even when the load 
impedances are symmetrical, as they may have symmetrical 
but unequal impedances 2, and Z:, to the two components 
Тя and Ine respectively, as in the case of a load consisting of a 
symmetrical rotating machine. Тһе equations corresponding 
to (89), (90) and (91) then become 


О = 5 (Zum lao + Zum lai + Zant ha) 
51 Ё. = 51 Eu =з! (Zim 1» + Ziso Бы + аһ Fasa) 
S* Eur = 0-- S$ (Zane Lu + бат Ты + Z во Lax) 


S Tug = О EM 
SZ, Li = Eu 
S: Z, Fa = Ёш 
_ 51 Ë, = 513 Z, Ía 
(93) 


S Ёш = 9232, ы 
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S! Ёы = S { (32. + 2, — E Ты 


АВ0 


+ (2. - St) Tus | 


Й 


(94) 


? 
50 = 5? { ( Za - Zo) Fo 


and 


+ (32, + 2 - arem 1, | 


Effective Imp.- Zee 


А 


Effective Imp. - Zis 


Fic. 4—Open DELTA OR V CONNECTION. 


In an open delta system Zim = Zap = Zx — Zathe trans- 
formers in this case being both the same, equation (91) becomes 
in this particular case where Zago is infinite 


S! Eon = S! [(3 Z + 2 Z,a) Fo + Zan Los] | бё 
90 = S! IZ, Toi + (32+ 22,,) Í ol 
and we have 
Ios aio das (96) 
Similarly, instead of (94) we have 
S! Ёл = S [(3 Z, + 22.) Гы + Zon Г) | om 
S! О = S! {Zs Toi + (3 Z, +225) Toss] 


The secondary voltages are obtained from (90) and (93) for 
this latter case. 
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The solution of (95) gives 


H - à Zi + 2 Zan É 
ids 32. +32) (321 + Zu) ^" 
ti‘ f 
les = — ВАЗА TZ Ë 29) 
Tao = — m —= Ea 


32, + 3 Zas 


And we have 


) 
Shes MER, R ` | 
3 (Z, + Zu) (Zi +-2=) | 
" ; г (99) 
$]. = 5 soren === É, | 
3 (Z, + Zu) (2 + саз.) | 
And therefore 
1, = Teo 90 + — С в, 
Z+— (Z +Z, (2. + 4s ) 
Ь = е aen = —__}ёв 2. (100) 
Z + — (2,4-2) ( z, + —©° Е 
Г = 
AB 
21 + 3 


Three Phase System with Symmetrical Waves Having Harmonics 
We may express Ë, in the following form: 
Ë, = E, e" + E, еј + Ез eiut. 


| (101) 
= Z В, enw! 


where E, is in general a complex number. 
If the system is symmetrical three-phase Ë, is obtained by 


displacing the complete wave by the angle — ЫШ Or 
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r EMI ИХЕ 
Ё = е US E, ет + e ! 3 E, ejvr + e 7 3 Е; ејзчт + .. 
; 357 03H 
Е, = е Е, ејчт + е Е, e2%t е ° Е, елит + 
.2 т .2 т | 
i ° PW 9 IU 
Or since е = a‘,e = aetc. 
Е, = E, емі + Е, еі?“ + Е,өізе + 
Ё = a? E, еі" + a Е, е?“ + Е, езт + , (102) 
Ë, = a E, e" + а? E, ет“ + Е, eit + 
Or 
S (Ё.) = ,59 gon еј wt + Еве; ёч! + Е, еј 9:1 + : š š } 
+ 51 {Е ей + Ее + ЕТ"! + . . |) (103) 
+ S (Е, 2! + Eg ef out + KE, еЗ + ; š l 
S (Eq) = SE (Ey, e/5net) + 812 (Eg, e} 8-27 ) 
+ 5$ (Е),-і е3" —1)ur) (104) 


This shows that a symmetrical three-phase system having 
harmonics is made up of positive and negative phase sequence 
harmonic systems and others of zero phase sequence, that is to 
say of the same phase in all windings, which comprise the group 
of third harmonics. These facts are not generally appreciated 
though they are factors that may have an appreciable influence in 
the performance of commercial machines. It should be particu- 
larly noted that in three phase generators provided with dampers 
the fifth, eleventh, seventeenth, and twenty-third harmonics 
produce currents in the damper windings. | 

In dealing with the complex variable it will be convenient to 
use for the amplitude the root mean square value for each har- 
monic. When instantaneous values are required, the real part 
of the complex variable should be multiplied by V2. In the 
remainder of this paper this convention will be adopted. 


Power Presentation in Symmetrical Co-ordinates 
Since the power in an alternating current system is also a har- 
monically varying scalar quantity, it may therefore be repre- 
sented in the same manner as the current or electromotive force, 
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that is to sav bv a complex variable which we shall denote by 
(Р+ 30) + P. + j Оһ) P + j Q being the mean value, is 
the term of the complex variable of zero frequency, P represent- 
ing the real power and Q the wattless power V P? + Q? will be the 
volt-amperes. 

The value of the complex variable (P + j Q) + (Pa + j Он) 
mav be taken as 


(P + jQ) + (P, +10н) = Ë Í + Ë Í (106) 


with the provision that for all terms having negative indices the 
conjugate terms must be substituted, these terms being present 
in the product É I + Ë L, which is the conjugate of the product 
(105). А similar. rule holds good for the symmetrical vector 


system 
S (Éa) = S Éa + S! Е, + . . ° 99-1 Es(n-1) 
(106) 
$ (E) = 591% + S la "e а X X 37-1 Га(я-1) 
The conjugate of S I, is 
S(t) = Sho + Se f, + , 2 . Shen» (107) 


and the Power is represented by 
(P+ Р) + j (0+0) = > [S (Éa) $ (La) + S (Ea) S (1) | (108) 


with the same provision for terms having negative indices the 
sign У signifies that all the products in each sequence are added 
together. 


2 [5 (Íj) S (Ё) = $ 5 {foo Boo + La Ear + 
Ls) Ea(n-1)} 
+ $ 51 |1 Ba + fai Bor + faz Eas + 
Ізө- Eno} 
+ S? {foo Bar + La Ёз + Í Ë, + 
Ї.„-) Еа! 


(109) 


+ ХУ 5-1) Pm Éen- + [1 Ё + 
+ laie Fa(n—2)} 
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The terms prefixed by .S!, 5?, 53 | . . 5—1) all become 
zero and since S® becomes n 


> S (1) S (Éa) =n 1% Ë + Га Е, + 
| E Eiaa (110) 


In a similar manner it may be shown that 


> S (№) S (Éa) =n 11 Eo + Ta Босаң + Тез Ean—2) ae ee 
Ї.„-) Ёл] (111) 


and therefore 


(P + j Q) + (Px +] Qu) =n (Га а + ГЕ + 
1-1) Е,а-і)! 
(112) 


Tn { Fao Ёш + La Éan- + . . . EOM 
For a three-phase system the expression reduces to 


(P + j Q) + (Pu + 70») = 3 (Г.о Eao + Li Е, + Та Ваз) 
(113) 


RE 3 (1% Fao T lá Eas + la Е,) 


In the above expression P + P4 is the value of the instantan- 
eous power on the system, P being the mean value and Py, the 
harmonic portion. When the currents are simple sine waves, Q 
may be interpreted to be the mean wattless power of the circuit 
or the sum of the wattless voltamperes of each circuit. In 
rotating machinery since the coefficients of mutual induction 
may be complex harmonic functions of the angular velocity, 
this is not strictly true for all cases; but if the effective impedances 
to the various frequencies of the component currents be used, it 
will be found to be equal to the mean wattless voltamperes of 
-the system with each harmonic considered independent. 

In a balanced polyphase system Py and Он both become zero. 

The instantaneous power is a quantity of great importance in 
polyphase systems because the instantaneous torque is propor- 
tional to it and this quantity enters into the problem of vibra- 
tions which is at times a matter of great importance, especially 
when caused by unbalanced е. m. fs. A system of currents 
and e.m.fs. may be transformed to balanced polyphase by 
means of transformers alone, provided that the value of Ри is 
zero, while on the other hand polyphase power cannot be ' 
supplied from a pulsating power svstem without means for 
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supplying the necessary storage to make a continuous flow of 


energy. . 
PART II 


Application of the Method to Rotating Polyphase Networks 


The methods of determining the constants Z, Z,, M, etc., of 
co-axial cylindrical networks is taken up in Appendix I of this 
paper. It will be assumed that the reader has familiarized him- 
self with these quantities and understands their significance. 
We shall first consider the case of symmetrically wound machines 
taking up the simple cases first and proceeding to more complex 
ones. 


SYMMETRICALLY WouNpD INDUCTION Motor OPERATING ON 
UNSYMMETRICAL POLYPHASE CIRCUIT 


Denoting the pole pitch angle by 7 let the synchronous angular 
velocity be wo and let the angular slip velocity be о). And let 
51 Ев, S? Eag be the symmetrical components of impressed poly- 
phase e. m. f. Let R, be the primary resistance and R, the 
secondary resistance. The primary self-inductance being Mao, 
that of the secondary being Muu and corresponding symbols 
being used to denote the mutual inductances between the dif- 
ferent pairs of windings. Then by means of (39), (40), (56) and 


(57) 
51 E, 


S (к. fa + 11 м.-- A 


d . 
+ 11 Ma 1; ej (из - 11): їл) 


1% 


5° Fas = 5% { Re Ls + 1j Mas T. 


+ 13 Mas 2. eg Jus - wt "n 


(114) 
Ia 


S! Ё, == О = 5! [Ra 13 Ma -E 


+ 13 Mau 2. g Jn — м)! Jn 
S Exe = O = $ Ru Г, + 1j Muu = 1-8 


TET 
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denote 14 Maa by La and 14 Muu by Lu, 14 Max by M, the equa- 
tions (1) become . 


SÉ = S { (Re + Le ) 1 


+ M ei nw fa | 


П 
5 Ё, = 5 | (5. + ы-у)!“ 


+ M E. ec iom т) 1,, | 


| e (115) 
$É;-0-S | (Ru + Le) 1, 
d ; 
+ M 71 e ji (и -101)4 I | x 
d 
sË = o= s (R. +L. 2; )1. | 
а . | 
(teo — 1) \ 
+ M dt e Fus j | 
From the last two equations we have 
2d 5 
Fa = = 1 еј (чә). fu (116) 
К, + L. dt 
id T 
Imm Se сі (mw) |, (117) 
К, + Li dt | 


Substituting these in the first two equations of (115) we obtain 


S Éa = s| (а. +1, 3) 
та тіба-ш)| 


R. + L. Br? — j (00—21) " | ый 
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Ía (119) 


НА, = Ea е and Ё, = Ea: ел the solution for / and 1 
will be 


hs Ža (120) 
E Бы (121) 
Where 
Zi = Re + jw L, + Beets (Re— јла) (2% 
2: = R, + j wo La 
d ur жаланы) Tp a Е (188) 


Ки? + (2 wo — w)? Lẹ 


The impedances Z, and Z; will be found more convenient to use 
in the form 


Z, = (R. + Ki R) + jw (L. — Kè Ly) T K R. 
(124) 
Zug К“ R. 


Z Wo 
(126) 
Where, as we will see later, K, and K? are the squares of the 
transformation ratios between primary and secondary currents 
of positive and negative phase sequence. 

The last real term in each expression 1s the virtual resistance 
due to mechanical rotation and when combined with the mean 
square current represents mechanical work performed, the posi- 
tive sign representing work performed and the negative sign 
work required. 

Thus, for example, to enable the currents 5? I. to flow, the 


2, = (К, + K? Ru) +j Wo (L. = K? L.) = 


mechanical work 3 102! соз Ky? R, must be applied. to 


the shaft of the motor. 
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The phase angles of the symmetrical systems S! [а 571% 
with respect to their impressed e. m. f., S! Ё, and S? É.: are 
given by these impedances so that the complete solution of the 
primary circuit is thus obtained. 

The secondary currents are given by equations (116) and (117) 
and are 


La = — gg, Ta cre Ri Laien (126) 
J (2 wo — wi) M : y | 
Í. = — -20ш%- w)M. I, Jus - w)T— K I, eJ (2v - wi) 
: К, + J (2 wo — wi) Lu P. sees (127) 


In the results just given, M is not the maximum value of 
mutual inductance between a pair of primary and secondary 
windings but is equal to the total mutual inductance due to a 
current passing through the two coils W and V through the coil 


A U 


Fic. 5 


U as shown in the sketch Fig 5 and the winding “А” when А 
and U have their planes of symmetry coincident. 

Where the windings are symmetrical the induced e. m. f. is 
independent of the division of current between W and V, but 
this quantity must not be used in unsymmetrical windings, or 
with star windings having a neutral point connection so that 
1,6 is not zero. 

The appearance of M in this equation follows from the equa- 
tion 


I. + f, + F, = O 


so that 
1, = тг (f, + I.) 
The power delivered by the motor is 
Po = 3 [| S кага, ®%—— Ke Tt Re) (198) 
Wi 2 Wo — Wi 
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The copper losses are given by 
P, = 3 (1,417 (R, + K R.) + оз? (Rp + K? К.) } (129) 


The iron loss is independent of the copper loss and power out- 
put. The iron loss and windage may be taken as ` 
P, = Iron loss and windage (130) 
The power input as i 
P, = Pot P. + P, (131) 


The mechanical power output is Ро less friction and windage 
losses. 
1 
2 Wo — wW 


X 107 dyne-cm. (132) 


Torque = 3 | = KL: Ru — Kè Ios? д. | 
1 1 


The kv-a. at the terminals is 
VP 2+ О? = The effective value of 3 (Ea: Ia: + Eas Г.) (183) 
This last result may be arrived at in the following way 
S (Éa) = S Ea + S Ea) 
S (ÍL) = SL + 51 1, | 


(134) 


Since 52] a is conjugate to S! 16, etc. 

The product of Š, and Í,, is the power product of the two 
vectors, S (Е,) and S (1,) and omits the harmonic variation as a 
double frequency quantity, the average wattless appears as an 
imaginary non-harmonic quantitv. 


Р, + Jj Q, > (5° Éa Li + 5° Eas Ia Р 51 Ё, 14 
+ 5% Fai a2) (185) 


The 81 апа 5? products have zero values, since the sum of the 
terms of each sequence is zero, hence— 


Р, + j О, = 3 (Éa 14 + Ёл um (136) 
МУР? + О? = The effective value of 3 (Bai La Esa) (137) 


The solution for the general case of symmetrical motor opera- 
ting on an unsymmetrical circuit is not of as much interest as 
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certain special cases depending thereon. Some of the most im- 
portant of these will be taken up in the following paragraphs. 
Case I. Single-Phase e. m. f. Impressed across one phase of 
three-phase motor. 
Assuming the single-phase voltage to be Ey, impressed across 
the terminals B C. The known data or constraints are 


Ё. = j v3 (Ел — E) (138) 
Í = O, F, = — Á. 
and therefore 
Ila = — Tas (139) 
E. Усу = Es 
Z. 27» 
Éa =- 22 E. (140) 


Substituting in (138) 
Ки = j Ex Z, 


Уз ZA (141) 
Es Ё 45 
„= J 3 ZZ 

and therefore 

ро; 

= J v3 Z, + 23 (142) 
,- Če 1 

MU J V3 21+ 2? J 


Since f, = F, + h: = а Fa + a La 


__ Ex 
Zi + % 


Р, = (A KR, — LA Ur ER. K4 в.) (144) 
40} 2 100 — 10, 


Р +j Qi = Iè (Z, + Z) + Р, (145) 


The power factor is obtained from (145) by the formula 
Р, 


COS Q = VP? + OF (146) 
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Substituting from (142) in equation (126) and (127) of the 
general case we obtain for the secondary currents 


“ Е : 
Г = = } Ry LE ge 
24 + Za | (147) 
= SK EE XN ‚(и – мі)! 
hw qc eo 


Many unsymmetrical cases may be expressed in terms of the 
operation of coupled symmetrical motors operating on symmetri- 
cal systems. This is invariably the case with symmetrical poly- 
phase motors operating on single phase circuits. Since the 
phvsical interpretations are useful in impressing the facts on 
ones memory they will be given whenever they appear to be 
useful. | 

Equations (141) and (142) show that single-phase operation is 
exactly equivalent to operating two duplicate motors in series 
with a symmetrical polyphase e. m. f. S! Ea impressed across опе 
motor, the other being connected in series with the first but with 
phase sequence reversed, the two motors being directly coupled. 

Case II. В and C connected together e. m. f. impressed across 
A B. 

The data given by the conditions of constraint are 


Ea — e Е, 
_ (148) 
Ё. = О = ј уЗ (Éa — Éa) | 
We therefore have 
Ea = Eas Е — Za (149) 
and | 
FEN Еһ 
I. TeL. 3 Z, | 
"o | (160) 
a2 3 Z; ] 


The remainder follows from the general solution and need not 
be repeated here. 

(160) shows that a motor operated in this manner is the exact 
equivalent in all respects to two duplicate mechanically coupled 
polyphase motors, one of which has sequence reversed, operating 


in parallel on a balanced three-phase circuit of e. m. f. 5 Bs 
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The secondary currents follow from substitution of (150) 
in equations (126) and (127) of the general case. 

Case III. B and C connected together by the terminals of a 
balance coil, the impressed e. m. f. Ель applied between A and the 
middle point of the balance coi. Resistance and reactance of 
balance coil negligible. 

The data furnished by the connection in this case is 


| = 1. – Е (181) 
and therefore 
І l; PES 9 A 
ү Жл ee кте? 
Ne 3 ша; 
Та = la = а 
We therefore have 
Е, = m ç 
(162) 
Lele 
Ea: = 3 


we have 


Ё = j V3 (a Ё. Бу а? Ё.) 


= j v3 L (a Zi а? Z4) 


А. rjv (Zea) 


Ем = (Ëa F 5) 


- I (163) 
= ј уЗ 2 (а + 3) Zi— (a? + 3) Zi] 


= — 1 Í, (Z, + 23) 


and therefore, 


(164) 
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Р, = [m Ku eod. Ke ) I Е, (166) 
7 | 


2 Wo — Wi 
P, + jQ = 412 (Z, + Z+) + P, (166) 
Р, 
COS a = VPE OS (157) 
100r 


(ЕНІН A A T ГА ШЕШ 


PERCENT-POWER FACTOR-EFFICIENCY-SPEED 


4000 5000 


KV.AINPUT K.W.OUTPUT 


Fic. 6—CHARACTERISTICS OF THREE-PHASE INDUCTION Мотов— 
BALANCED THREE-PHASE 


Evidently (166), (166) and (167) are identical to (144), (146) 


and (146) if 1,15 equal to T, + CR This wil be the case if 


the value of Ем = 8.4 times that of Ey. Тһе total heating of 
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the motors will be the same in each case but the heating in one 
phase for Case III will be one-third greater than for Case I. 


C 100 =] 

Š Б r ч 

2 асы 

š | | |; 

ELA GE; 

mama 

==! wË 

Е HAET | 
ПЕ Eo ИЕ x 

r 20 200 

= | / | de 5 

8 [LET ЮЖ. Output z 

& 0 1000 2000 3000 0 2 

MOTOR TORQUE x 


Fic. 7—CHARACTERISTICS OF THREE-PHASE INDUCTION MOTOR—SINGLE- 
^ PHASE OPERATION —ONE LEAD OPEN 


This method of operation is therefore, as far as total losses, 
etc. are concerned, the exact counterpart of two polyphase 


Cj 100 E—L— 

P | [Ts 

ЖЕНЕ 

EZ 

4 e) h 
"OY 
Q os 

TE. 
$ HAUS 

Š Dd 
e 

в: 


2000 3000 4000 
MOTOR TORQUE 
Fic. 8—CHARACTERISTICS OF THREE-PHASE INDUCTION 
SINGLE-PHASE OPERATION 


motors connected in series with shafts mechanically connected, 
one of which has its phase sequence reversed. 
Figs. 6, 7 and 8 show characteristic curves of a three-phase 
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induction motor operating respectively on a symmetrical cir- 
cuit, according to Case I and according to Case II. 


Synchronous Machinery 


THE SYMMETRICAL THREE-PHASE GENERATOR OPERATING ON 
UNSYMMETRICALLY LOADED CIRCUIT 


The polyphase salient pole generator is not strictly a symmetri- 
cal machine, the exciting winding is not a symmetrical polyphase 
winding and it therefore sets up unsymmetrical trains of har- 
monics in exactly the same way as they are set up in an induction ` 
motor with unsymmetrical secondary winding. These cases will 
therefore be taken up later on. A three-phase generator may 
however be wound with a distributed polyphase winding to serve 
.both as exciting and damper winding and if properly connected 
wil be perfectly symmetrical. Such a machine will differ from 
an induction motor only in respect to the fact that it operates 
in synchronism and has internally generated symmetrical e. m. fs. 
which we will denote by S! Éan 5? É,; the negative phase se- 
“quence component being zero; an e. m. f. S? É. may exist but 
since in all the connections that will be considered there will be 
no neutral connection its value may be ignored. If the load 
impedances be Z,’, Z,’ and Z,” they may be expressed by 


Let = S Za + S ба’ + 5? Za! 


and the equations of the generator will be 


S! Éa = 5 { (Re + L. ar) Ñ + Zoo! L 
d . 
+ Zao’ Das! + M 41 елим |’ | 
d | ер. | 
o = s | (в. + L. dt 3;) I + Zao Тоз 
і (158) 

+ Zi Li + М г. pe Га” | 

O = [R, + L )! а emt Far 

| м | м dt dt al 

dim (к. + А, 4;) Tye! + М eit ful 
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The last two equations give 


E 2 
Ii — d жыны HL 
К, + Ly di 
м -4 (169) 
dt | 
Ius o = d еч 142” 
К, + Ls d' 


which on substitution in the first two equations of (158) give 
the equations 


d d 

а ar (ar - im) 
d ; 

R, + Ly (ri), 


+ Zao’ I SIS Zaz’ lix = Еа 


(160) 
Za ag К. F Ls 4 
| 
d T ( чт + im) 
PER d Ia + Zao! La! = () 
R, + Ly ( dt + j w) | 
or if 
Ea = Ea e" : (161) 


(һе impedances Zao, Zai, Zaz become ordinary impedance for ап 
electrical angular velocity шо and equations (160) become 


(R, + jw Le + Zoo!) Ta! + Zor’ Г. = Ea 
Zav Tar! + 120’ + (Ra + Ko? Ru) +j 2 wo (L. — Kè Lu) | (162) 
— 3K? Ry} Їз = О 
It is apparent that in the generator the impedances 
Ra + j wo La = Z 
and | (К. + K> Ry) -j2ws(L,— Ke? Lu) — $ К?К) = Zy 
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take the place of Z, and Z: in the symmetrical induction motor 
operating on an unsymmetrical circuit, and we may express 
equation (162) 


(Zao' + 242 la + Za?’ 1” = Ea 


| (163) 
2. Ía’ + (Zao' + 2? Газ” = O 


which gives 


ec ші 2а’ , 
[и = Zao + 2% La 
Ea 


' nl 2а’! баз! 
(Za + 21) Zao’ + 24 


la = 


Or in more symmetrical form 
Lav’ + 2% Е 
(Zao' + 21) (2а + Z3') 722 Жа! Lar’ 1 (164) 


hea lo £a Cg 
us (Zao + 21’) (Zao! + Ze’) — Zat Za" ^" 


Lu = 


From (159) we have for the damper currents 
Li = O if R> O 


I; = — K, La e _ (165) 
: 2. 2 100 М 
where К›=] К. 1 i2 u Г. | 


A. particular case of interest is when the load is а Synchronous 
Motor or Induction Motor with unsymmetrical line impedances in 
series— Equation (163) becomes 
(Za + Zi! + 21) Lar’ + Za! Lai! = Eos 

Za Ia! + (Z. + Z2' + Z+) La = O 
Lao’ + 22’ + 2; 
И 
"ZR Zion) ЕЛЕУЛ ЭШЕ t ы 


E сзсз ыш Ооз 
(Zao +Z +Z) (Zao + Za! Z3) — ба ғаз 


1 


Án important case 1s that of a generator feeding into a symmetrical 
motor and an unsymmetrical load. Let the motor currents be 
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I Í, Í., those of the load 1,” 1, I.’ and the load impedances 
2а, Zv’, Ze’. The equations of this system will be 


Э? Ё. = њу YAY (1Һ + I^) + Zao’ al "+ Za Ia! 
S! Éa = 5'{2,' (а + Ви) + 2, Lar} 


(167) 
S О = 51 [Zy (Lae + Tas’) + Zoo’ а + Zar’ Li] 
S1 О == S! (2%! (Za + 14” T l: Hm 
Or, omitting the sequence symbols and re-arranging— 
Éa = 21” Ii + (21! T Zao’) J a: + баз’ Ían! 
Е, = (24! + Z1) I + Zi I 
(168) 
О = Zy ha + Zav Fa! + (Zs' + Zao’) La 


= (2, + Zs) la + Zy Ta ] 
These equations can be further simplified as follows: 


(Zx + Z3) Та + Ze! Tas! 
m Za Ja + Zai Lt + PA d Ie 


О 


О 


О = I 21 l; + Zao’ Is + Lar’ In 


| 
x = 
Éa = (7,' + Z) + Z Ta’ ] 


A set of simultaneous equations which тау be easily solved. 


THE SiNGLE-PHASE GENERATOR IS AN IMPORTANT CASE OF THE 

THREE-PHASE GENERATOR OPERATED ON AN UNBALANCED LOAD 
Let the impedance of the single-phase load be Z and let us 

suppose it to be made up of three star connected impedances 


, _ Z 
Za’ = 3 Z; + 2 
Z 
2 = —5- 
^ — Z 
2° -2- 
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the value of Z, in the limit being infinity. Then we have 
Zao’ = 2, + -2- | 
(170) 
Жа” = 2, | 
Z a2' = 2. J 


Equation (164) in the limit when 7, becomes infinite reduces 
to 


Боа 2а 

S Z + Z. + Z+ 
; Ba, (171) 
# DAD +7, 


The single-phase load being across the phase B C, the single- 
phase current I will therefore be equal to T. or 
re j УЗ Ea 


Z + Zt + Zy (172) 


Га = Oif R, > O 


qq 
g 
.> 

| 


1 4 . 
= — ;j —. K І Jt el 
J v3 2 € 


x 

, (173) 
x | 

x 


Та = — ) Кз ұлы 


Гл is double normal frequency 
P, + jQ = 3 P Z 

Р, + j Q. 

(P jQ) + (Ри +iQu) = 3 É, (1+ Р) 


3 Р (2, + 24? (174) 
In the case of the generally unbalanced three-phase load 
Pi + JQ = 3 {Ua + Lax”) Zo 
+ Tar [оз Zax’ + La Tor Za] 
P, + j Q = 3 11012 Zv + Las? 227 . | (175) 
(Р +30) ј (Рк + jQa) = 3 Éa (1. + Í.) 
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When the gerierator has harmonics in its wave form equations 
(162) must be written 


(R, + j% 14 + Lao’) Tay’ + ana la = Ea 
Za la + {Zao + (К + K Ru) (176) 
+ j2w(La— KL.) — $a? Ru} Ia! = Éa ] 


Where Ë is finite, Ё, is zero and vice versa, the frequencies 
being different in each case, we have therefore a solution for each 
frequency depending on the phase and amplitude and phase se- 
quence of the e. m. f. of this frequency generated. Of course 
the values of Z,’ and 2;” change with each frequency on account 
of the change in the reactance with frequency, and a value must 
be taken for w conforming with the frequency of the harmonic 
under consideration. 


Symmetrical Synchronous Motor, Synchronous Condenser, Etc. 

As in the case of the generator, the synchronous motor has two 
impedances, one to the positive phase sequence current of a 
given frequency and the other to the negative phase sequence 
current of the same frequency. But, since there 15 no quantity 
in the positive phase sequence impedance corresponding to the 
virtual resistance which indicates mechanical work in an induc- 
tion motor, its equivalent is furnished bv the excitation of the 
field. Let us denote the e. m. f. due to the field excitation by 
S! Ё’ assuming it to be for the present a simple harmonic three- 
phase system. Let P, be the output of the motor which will 
include the windage and iron losses assumed to be constant. 
Then for the svnchronous motor on a balanced circuit of e. m. f. 
S! É,, we have 


SÉ = S' [fa (Ra +jw Lo) + Ea} | x (177) 


Py _ 
3 


9 Bas Г 5 | Lait (Re! + jw + - 1 } aw) 


Where Qo is the imaginary part of the product, É. are (178) 
reduces to 


Ев: La cos @ = 147 Ra! + a (179) 


Where cos a is the required operating power factor. Solving 
for Ia: | | 
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=& Еш cos а | 4 Ra' _ 4 Ка'’Ро _ | 
ы = нова [Ат NITET (180) 


kes fa cos а (12V 1- 4 Ra Po | 


2 Ra ‚ 9 E, cos? a 
(cos а — j sin а) (181) 
The apparent impedance of the motor is 
ее - (cosa + 1 эт а) (182) 
ЕЗ 1 — P _ 


3 EË cos? a 
and 


at = Ža [1- Роза Feu PUNCTUM 4 К. Po | 


2R. З E.) cos? а 
(cos w — j sin а) (Re + j“ La’) | (183) 


The same equations apply to the case of the synchronous 
condenser with the difference that the mechanical work is that 
required to overcome the iron and windage losses only. 

If we take 


Еш = Ea (cosa + j sin а) е“ = (A, +j В.) ew 
| (184) 
Ea’ = (Av + j By’) ef | 
we have 
41 -- 4 Ra’ Po ) wol 
I 2 RI (1 + и 1 3 Я e (185) 
, А | 4 Ra' Po\ м 
A,’ = 2 (п Уі- т”) rol (186) 
Е | ЈшІ. Ai - 5р.) е 
| Bi {Ri JR (1 + Vh БІРЕСЕ e 
(187) 


Since а may be a positive or negative angle, the sine may be 
positive or negative for a positive cosine, and therefore the power 
factor will be leading or lagging accordingly as B, is negative or 
positive respectively. The double signs throughout are due to 
the fact that for any given load and power factor there are always 
two theoretically possible running conditions. However, since 
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we are concerned only with that one which will give the max. 
operating efficiency, that is the condition that gives Lai the lesser 
value, for a given vag of P, the equations may be written 


la = gas (1- Vic ЗЕР) oom 

Ау) = E i| (188) 
Dr _ _ 1100 L. А, _ А/ _ КР) 

са (s 2 К, (: l- “SAR 


And corresponding values for (180), (181), (182) and (183) may 
be obtained by omitting the positive sign in these equations. 

Another condition of operation is obtained by inspection of 
(180), due to the fact that 141 must be a real quantity 


4 К.’ Po 


ЗЕ, cos? а must be > 1 (189) 


this is the condition of stability. In terms of (184) it becomes 


4 R,” Po 


1 


The same conditions apply to the synchronous condenser, the 
total mechanical load in this case being the iron loss and windage 
and friction losses. 

Proceeding now to operation with unbalanced circuits having 
sine waves the motor also having a sine wave. Їп addition to 
equation (177) we shall have 


| 5 Éa = 5 Zr з : (191) 
The mechanical power delivered through the operation of this 
negative phase sequence e. m. f. is given by Py where 
К, 
2 


this quantity must therefore be subtracted from the value of P, 
in all the equations in which Po appears when unbalanced cir- 
cuits are used in connection with equations (177) to (190) inclu- 
sive. These equations, however, give the conditions for main- 
taining a given mechanical load and a given power factor in the 
positive phase sequence component, but in practice what.is re- 


Py = — 3 ш 


(192) 
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quired is the combined power factor of the whole system, or the 
conditions to give a certain combined factor while delivering a 
given mechanical load; this may be obtained as follows: 

The negative phase sequence component is a perfectly definite 
impedance and is independent of the load, and therefore the zero 
frequency part of the product Eaz 7, may be set down as 


_ P. . Оз 
Eas [аз = z= TJ 3 (193) 


we have also for the positive phase sequence power delivered 


Ро Py 


(4i TJ B) la = 1417 Ra! + 3 273 
+ j (w Ia І. + Ви) La (194) 


And the power factor 15 given by 


"pr В, + с 
tan а = —— 5 (196) 
ІА; + 7 
From (194) we have 
A, Ia = 1417 К. + ^ Um IL (196) 
В, = 10 Ia La! + B! (197) 
A;? + By = Ear (198) 


The simplest method of solving these equations is by means 
of curves. Taking arbitrary values of 141, B, and А, are chosen 


consistent with (198) so as to satisfy (196), A А, and B, are 


then obtained from (196) and (197). If there are harmonics in 
the impressed e. m. f. but there are none in the wave form of the 
machine, the machine will have a definite impedance to the 
positive and negative phase sequence components of each har- 
monic, so that there will be a definite amount of mechanical 
work contributed by each harmonic which must be subtracted 
from the total work to be done to give the amount of work con- 
tributed by the positive phase sequence fundamental component, 
the equations will be identical to (193), (194), (195), (196), 
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(197) and (198), if we take P, to mean the total mechanical 
work done by the harmonics both positive and negative phase 
sequence and P; and 0» to represent the products 


> (Ел nafar + Jom nan) 


the zero frequency part only being taken into account. 

When harmonics are present both in the impressed wave and 
in the generated wave, the problem becomes too complicated to 
treat generally, but specific cases can be worked out without 
much difficulty. 


Phase Converters and Balancers 


The phase converter is a machine to transform energy from 
single-phase or pulsating form to polyphase or non-pulsating 
form or vice versa to transform energy from polyphase to single- 
phase. The transformation may not be complete, that is to sav, 
the polyphase system may not be perfectly balanced when sup- 
plied from a single-phase source through the medium of a phase 
converter. Phase converters may be roughly divided into two 
classes, namely—shunt type and series type. 


INDUCTION MOTOR OR SYNCHRONOUS CONDENSER OPERATING 
AS A PHASE CONVERTER OF THE SHUNT TYPE TO SUPPLY A 
SYMMETRICAL INDUCTION MOTOR OR SYNCHRONOUS 
MOTOR 


Let Z, and 2» be the positive and negative phase sequence 
impedances of the motor, 1’, Zx those of the phase converter. 
Let S! Éa and 5? Ё, be the positive and negative phase sequence 
components of the star e. m. f. impressed on the motor as a result 
of the operation. The single-phase supply will be one side of the 
delta e. m. f. S Ё. which has positive and negative phase se- 
quence components S! Esa and 5? Е, the single-phase supply 
being Ё. = Ey + Ë. 

The value of Z? may be considered fixed for all practical pur- 
poses and since in the induction motor phase converter the speed 
is practically no-load speed, Z' 15 practically the no-load imped- 
ance plus a real part obtained by increasing the real part of the 
no-load impedance bv the ratio of the normal no-load losses to 
these same losses plus 3 the secondary losses due to the phase 
converter currents. The latter may be calculated roughly as 
even a large error in its value will have an mappreciabie effect 
on the actual results. We have therefore 


1918] FORTESCUE: SYMMETRICAL CO-ORDINATES 


S By = — s j == 

52 Ё, = ө)-Бе 

. Ese 

Sify = — Sj — 
ы; EYA 
я 
1 
St s = ву да. 
2 

S [а = sim 
2 


In the common lead of motor and converter we have 
Tay + hr t a + Fa = O 
or, substituting from (200) and (201) 


1 1 
Ё. 2, T Za 
Ёз 0 1 , l1. 
277 + 7, 
ЖЕ 1 
Е ы; Z2 x 2, Ё 
bel = 1 1 1 1 be 
(z +2») + (2: +z) 
|. 1 1 
ыы сал см бен сыкы 7 


1 1 1 1 
(Z +) + (Z +z) 


687 


| 


| (199) 
J 


(201) 


(202) 


(203) 
(204) 
(205) 


(206) 


which give the complete solution for all the quantities required 
with the aid of equations (200) and (201). For the supply 


current 
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Í = Toa + ha + Ты + л 


5 р. = 5! Il + S. jn | (207) 
S É, == ‚5! Eye + S? Ea 
Р, +70, = K, Í (208) 


In order to obtain a perfect balance we may consider the addi- 


I . Е: . 
tion of an e. m. f. S? j ET in series with the phase converter 


whose value must be a function of the load and the phase con- 
verter impedances, and therefore equation (201) will be replaced 
by 


É É 
S L, = S (i SS um) 209 
2 J V3 2, TJ МЗ 2, ( ) 
É 
Sf, Бы e pee 
: J 3 Z, 


and since the balance is perfect Еһ: is zero, and therefore 


(210) 


An e. m. f. equal and of opposite phase to the negative phase 
sequence drop through the phase converter is required to pro- 
duce a perfect balance. 

Carrying out the solution in the same manner as in the imper- 
fect converter, we obtain 


үа | 
Pass бз аен xq 
1 + EN 1 + 1 
2; 2.” Z; 2. 
and since Éa»: is zero and Ёь. = És the single-phase impressed 
e. m. f., we obtain 
E. = Luz + Gr) В (212) 
1 21 
and therefore from (210) 
1 l Y Ë 
9 L = Sj (-z- =) = 213 
; 7 1 i А, V3 ( | ) 
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É 
һы Ша ы : bc 
| $ SL (214) 
S 15.20 (215) 
É 
51 La — — hy š: 
SIS (216) 


Figs. 9, 10, 11 and 12 are vector diagrams of some of the princi- 
pal compensated shunt type phase converters. There will be no 


Ea, 


Fic. 9--Уестов DIAGRAM OF SHUNT-TYPE PHASE CONVERTER OPERATED 
FROM TRANSFORMER SO AS To DELIVER BALANCED CURRENTS 


Terminal voltages of phase converter SE', 
Terminal voltages of motor 5.1 
Мера ive phase sequence e.m.fs. in phase converter S? (ОА з) 


difficulty in following out these diagrams if the principles of this 
paper have been grasped. 

The Phase Balancer is a device to maintain symmetry of 
e. m. fs. at a given point in a polyphase system. It may consist 
of an induction motor or synchronous condenser with an auxiliary 
machine connected in series to supply an e. m. f. always pro- 
portional to the product of the negative phase sequence current 
passing through the machine and the negative phase sequence 
impedance of the balancer. It therefore has the effect of an- 
nuling the impedance of the machine to the flow of negative 
phase sequence current. Thus, in a symmetrical polyphase 
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network, where we have an unbalanced system of currents due to 
certain conditions 


9 I zu Ii T S1 1з (217) 


If a balancer be placed at the proper point the component S? [оз 
will circulate between the loads and the phase balancer, the other 
component S' 1,1 being furnished from the power house. On the 
other hand, if there be a dissymmetry in the impedance of the 
system up to the phase balancer, the latter will draw a negative 
phase sequence current sufficient to counteract the unbalance 


bi 


Fic. 10—Увстов DIAGRAM SHOWING RELATIONS BETWEEN MOTOR 
TERMINAL E.M.F’S., CONVERTER TERMINAL E.M.FS., AND SYMMETRICAL 
GENERATED E.M.F's., SAME CONNECTION AS FOR FIG. 9. 


Negative phase sequence drops in phase converter 5242317, 
Conjugate positive phase sequence e.m.fs. S'(A BC) 


due to any symmetrical load by causing the proper amount of 
negative phase sequence current to flow to produce a balance. 

The balancer may be made inherently self-balancing by insert- 
ing in series with it a machine which is self-exciting and is able 
to furnish an e. m. f. equal to the negative phase sequence imped- 
ance drop. The combination thus has zero impedance to пера- 
tive phase sequence currents. If in the neighborhood of a phase 
balancer the loads have impedances 


S Za = 5 Zao + S Za + S* Ze 
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The equations of the system are 
S! Fai = S! Zao Ja T S! Zea [оз 
(218) 
5? Ea = О = S? Zao Tas + 5 Za Г 


The currents in the phase converter are 


- 5% L4 and S! Éa 


Zi 


Fic. 11—VeEctor DIAGRAM OF SHUNT TYPE PHASE CONVERTER SCOTT 
CONNECTED WITH COMPENSATION BY TRANSFORMER TAPS 


Terminal voltages of converter ОА and B!C! 
Terminal voltages of motor S'Eaı 


The solution of (218) gives 57 Һа and S! л, the former of 
Which are the phase balancer currents. The solution is 


- Zao 
l. 7 Zac? aa Za Za? Eat (219) 
| gm = ыш AR E 


ао? = бай Zaz 


The phase balancer is a voltage balancer and will maintain 
balanced e. m. f. for any condition of impedance, and if the im- 
pedance of the mains is unsymmetrical it will draw a sufficient 
amount of wattless negative phase sequence current through 
these mains to produce an e.m. f. balance at its terminals. 
Hence the complete solution requires consideration of all the 
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connections in the network between the supply point and the 
balancer. Two equations for each mesh and connection are 
required, one of the positive phase sequence e. m. fs. and the 
other of the negative phase sequence e. m. f., and these equations 
may be solved in the usual way. 

Series Phase Converter. In discussing the various reaction in 
rotating machines we have made use of the terms ''positive phase 
sequence impedance" and ''negative phase sequence imped- 
ance." These terms are definite enough when dealing with rela- 
tions between machines whose generated e. m. fs. all have the 


Fic. 12--УЕстов DIAGRAM OF SHUNT-TYPE PHASE CONVERTER WITH 
AUXILIARY ROTATING COMPENSATOR TO EFFECT A PERFECT BALANCE 


Terminal voltages of phase converter S Éa! 
Terminal voltages of motor Ёар  . 
Terminal voltages of compensator SEa? 


same phase sequence, but require further definition when we 
are dealing with relations between machines whose e. m. fs. have 
different phase sequence. We shall retain the symbols Z, and 
Z1 for the values of the positive and negative phase sequence 
impedances, depending upon the sequence symbo' S to define 
whether these impedances apply to a negative or positive phase 
sequence current. Thus, the phase sequence of the currents and 
e. m. f. will be defined by the apparatus supplying and receiving 
power and the impedances of the transmitting apparatus will be 
defined in relation to these currents. As an example a motor 
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series connected in counter phase sequence relation in a circuit 
and driven in a positive direction will have impedances 


positive phase sequence 27; 
(220) 
negative phase sequence 21 


Where an auxiliary machine is defined as being of negative 
phase sequence relation to other machines, it will have imped- 
ances as given above to the positive and negative phase sequence 
currents passing through the other machines. 

À single-phase transformer winding tapped at the middle point 


Fic. 13--УЕСТОЕ DIAGRAM ОЕ SERIES-TYPE CONVERTER. 
№ LOAD E.M.F's. ACROSS Motor TERMINALS SiEa 
№ LOAD E.M.F's. ACROSS CONVERTER TERMINALS .S? 
SINGLE-PHASE E.M.F's. 2 
E.M.F. ACROSS TERMINAL Ha Motor UNDER Г.одр É,É,É, 
E.M.F.'ACROSS TERMINAL OF CONVERTER UNDER LOAD É ЕЕ 


тау be regarded as ап unbalanced three-phase system where 
Ë, = О Ë, = + É, Ё, = — Ё, 


2 Ë, being the single-phase e. m. f The system may be repre- 
sented by the equation 


S Ё, = S Ea + S Eas 


Ё, 
where E, = j 75 (221) 
Е, . Ë, 


s 
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If, therefore between the single-phase source of power and 
the load we interpose a polyphase machine with e. m. f. — 5 
Ё.з, we shall have at the load terminals the e. m. f. S! Eau. 
If we use an induction type phase converter it will have imped- 
ances to motor currents as follows 


To positive phase sequence 2%! 


(222) 
To negative phase sequence Z,’ 
we therefore have the relations 
S! Éa = 51 [1 (Zi + 2+) (223) 
S? Eas = 5% 1, (2: + Zi) (224) 


If the converter is doing no mechanical work, 21” is large com- 
pared with Zs' or Z:, and therefore the component of negative 
phase sequence is small in the motor. The value of Z,’ depends 
upon the slip of the phase converter which will depend on the 
mechanical load it carries as well as on the load carried by the 
motors. Approximately the load currents due to the motors 
produce the equivalent at the phase converter of a mechanical 
load equal to one-half the rotor loss of the phase converter due 
to these load currents. Substituting the values given in (221) 
for S! Ел and S? Е,, we obtain 


É 

St — = SÍ (Z, + 24) 
7% (225) 

. E, _ ; 

mure = 5 Ta (2: + Zi) 

| Ё, 

51 Li = Stj V3 (Zi + Z4) 

226 
ss É (226) 


= ЕЕ AERE 
J V3 (Z, + 21) 


If instead of an induction type phase converter a synchronous 
phase converter ts used ап e. m. f. of negative phase sequence 5% È.: 
the generated e. m. f. of the phase converter must be introduced 
in equations (224) and (225) and the value and phase of these 
e. m. fs. will depend upon the load on the phase converter shaft as 
well as the load carried by the motors. The equations will be 
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S! Ё. = S! Ža (Z, + Z2’) (227) 
" 53 Ear = S [а (2: + Zi) + 5% Eos! (228) 
Sj № _ S! Ia (Zi + 2.) 
V3 | (229) 
= jt = St la (Z, + 21) + S Bas! 


The last member of equations (229) is the equation of a syn- 
chronous condenser. Assuming its windage, iron loss and in- 
creased losses due to secondary reactions to be Po, we have by 
equation (160) of the Section on Synchronous Motors 


A Ia cos w = Igo? (Re + Ri’) + 22 (280) 
Let 
Тез = а, + 7] bi (231) 
then (230) becomes 


А j P 
+ as = (a + b) (Ra + К) + —* (232) 
Of the two quantities аз and bz, be alone is arbitrary and depends 
upon the excitation, as will depend upon the value of b: and also 
upon the losses. Solving therefore for а» in terms of be, we have 


—— MET 
* — 2 J3 (Re + Ri) 


— sÁ RA 
si s n к Еа каль (233) 
Since bz is arbitrary we may now determine cos o> = 
—— and the value of Ї, in terms of the impressed e. m. f. 
Уа + b? 


will be by (181) of Section on Synchronous Motors 


$1. -- 9 [53s TR + Ry 1 | 
-Mi FAR je] ом 


Ej cos? a, 
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The effective value of Ї, in terms of the effective value of Ë, will 
then be 


E, сов о: ТЕ М, — 4 (R; +В) Po | 
Мз 2 (В: + Ri) Е 2 cos? а; 
(236) 


and since the component of the e.m.f. generated in phase with the 
current is determined only by the magnitude of Ї,; and the 
motor losses, if we define its value by A,’ the quadrature 
component being B;' we shall have 


, _ E, COS а = 4 (В, + Rj’) Po) 
a va 2 (1 + 1 E ? cos? оз (236) 


Toe = 


E, . = 10 (Le + Lz’) 


TR (237) 


В, = — 


+ w (Le + Ly’) | COS Q2 (1 
Po 2 (Re + Ri) 


2 ,/ ТІ ass MID AM (238) 


Е,2 cos? as 


and therefore we have 


s Е (ie Vi - D 


, 


05072 ~ 2 E è cos? ats 
EE 3 w (Le + Ly’) cos аз 
j {sin т TEES (1 
_ _ LU өү] 
Vi E, cos? as (239) 


The impedance of the phase converter to the flow of negative 
phase sequence current is 


2 (R, + Ri) seca 
лир 4R: + Ri) Po (240) 


E 2 соз? а 
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. The balance will beat its best when Í, is a minimum with 
сов a2astheindependent variable. This will be the case when 
cos as is unity; that is to say when 0з is zero. 

Recapitulating the results given above, we have for the general 
case taking the single-phase e. m. f. É, as reference 


E 


51 I, = 51 ] ——————— 241 
| ? V8 (2, + Ze) PS 
S: Ios = — j (as + j be) (242) 
where 6. is arbitrary and 
аз = Е, | 1 
a ык Lr == 
2 V3 (R, + Ri’) 
— — - 
MAL 60 5 Ro 19%, (К, + Ry’) + Po} (243) 
Since bs is arbitrary cos оз is determined by 
az 
COS Qe Var a (244) 


we may express 1,: in terms of É, by 


S Ia = E COS Q> | 


Gh саса 
- V3 2 (К. + Ry’) 
Му 4 (+ R) Po | TA 
І Е 2 cos? о» di (#20) 
The effective value of Ї, will be 


= E, COS а | 
Ia = 2 2 — — — —— 
‚ = уаз? + b: Мз 2(R, + 017) 1 


мМ AUR EROS (246) 


E,? cos? as 


If A,’ and B,’ are components of Риз’ these being the generated 
e. m. f. in phase and in quadrature with the current [из we shall 
have 


Ел = — j (4? + j В+) (247) 


and A,’ and B,’ will have the following values 
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,, Е, cosas | ‚ _ 4(R:+ R’) Pe) 
Аз = 3 2 (1 + М. Е 12 cos? оз (248) 


Зи (Lz + Ly’) ` COS аз (1 
Р, 2 (Re + К!’) 


- М: $06.00 Po) | (249) 


Е è cos a? 


and Éa?’ expressed in terms of Ё, becomes 


ы-- Ee [se (‚+ УГ ЖЕТЕ) 


- j Í sin as + З w (Ls + L’) cos оз (\ 


2 Po (К, + Ri’) 


VER RTP) ] — (so) 


E, cos? о 


The effective impedance of the phase converter to the flow of 
negative phase sequence currents is 


2 (Rs + К'’) Sec Me 2: 251 
\//, _ 4 (R, + WEZ (cos Qœ: — Jm оз) ( ) 
]- j= ым. 
Ej cos? a 


Or 


Ej cosas _ 4 (К + Кг) **) T 
poo (1 REVA ear) ev (252) 


In the above equations cos аз is arbitrary or b; may be con- 
sidered arbitrary and cos es will then be determined. 

Minimum Unbalance is obtained when cos аз is made unity or 
when bs is made zero in equations (241) and (262). 

Perfect Balance is obtained by driving the phase converter 
mechanically so as to supply the mechanical power P, from a 
separate or symmetrical source. Under this condition a; and ба 
both become zero when cos оз is unity. The only equation of 
the system is then (241). 
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Currents and Power Factor m the Single-Phase Supply Circuit. 
The e. m. f. is 2 É, and the current supplied is 


лег 
= 
м — del h: — Іс? 
a EL n + кее (253) 
If we take 
51 Ta = 1 ј (a, == 7 bi) (254) 
= f. V3 | 
a M = A. (a; — j bı) (255) 
Similarly, since under the same conditions 
S Тм = — S j (as + j b) (266) 
n Та M 2 (as + j bs) (257) 
and therefore 
I, = УЗ (a, + а) — j (b — b) (258) 


where ai, bı, аз, bs are to be obtained by means of equations 
(243) to (254). The single-phase power factor is given by 


(259) 


of these quantities as is usually the smallest and its value may be 
obtained approximately by assigning to bs a value which will 


make the ratio Do equal to tan 0, and obtaining the 
1 


corresponding value of a2 by (242), the value of b; may then be 
recalculated from (259) by substituting the tentative value ob- 
tained for as. This procedure may be repeated until sufficient 
accuracy has been obtained. 


SINGLE PHASE POWER FACTOR IN SHUNT TYPE PHASE 
CONVERTER 
The simplest procedure is to obtain a curve of admittances 
for varying excitation of the converter and plot the power factor 
obtained by varying the admittance with a fixed load. The true 
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and wattless power is obtained easily by means of (208) whether 
the system is balanced or unbalanced. 

Figs. 14, 15, 16 and 17 are vector diagrams of several 
methods of using phase converters to supply a balanced 3-phase 
e. m. f. to a symmetrical load such as an induction motor. The 
diagram are all based on a main machine having the same nega- 
tive phase sequence impedance and the system in each case is 


Fic. 14 


SINGLE -PHASE IMPRESSED E.M.F. = В/С” 

MOTOR E.M.F. = BC 

NEGATIVE PHASE SEQUENCE E.M.FS. EF Oe 
CONJUGATE POSITIVE PHASE SEQUENCE E.M.FS. Ри, É. 
PHASE CONVERTER TERMINAL Е.М.Е. АВ'С' 


delivering the same amount of power at the same voltage and 3- 
phase power factor without supplying any wattless power. It 
will be noted that the scheme Fig. 14 has the lowest single 
phase power factor, Fig. 16 the highest and the rest arcing alike. 
It may be remarked, however, that with the shunt type schemes 
adjustments can be made for power factor correction which will 
result also in better regulation. 


1918] FORTESCUE: SYMMETRICAL CO-ORDINATES 701 


APPENDIX I 


Cylindrical Fields in Fourier Harmonics 


When we have a diametrical coil around a cylinder concentric 
with another cylinder which forms the return magnetic path, 
and the length of the gap is uniform and the coil dimension very 
small, the field across the gap takes the form of a square topped 


Fic. 15 


SINGLE PHASE IMPRESSED E.M.F. = В/С” 

Motor E.M.F. = BC 

PHASE CONVERTER E.M.F. = В”С” 

NEGATIVE PHASE SEQUENCE E.M.F Éa Ér É. 
CONIUGATE POSITIVE PHASE SEQUENCE E.M.F. Ё. Вы E 
PHASE CONVERTER TERMINAL E.M.F. АВ” С” 


wave, which may be expressed in the form of a Fourier series 
with the plane of symmetry of the coil as reference plane, and its 
Fourier expansion is 


4B 
@= fuss =» 
(cos 0 $ cos 3 0 + ç 


CECI MET EC (1) 
Where B is the average induction in the air gap. | 
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Auxiliary 
Balancer Motor В 


Phase 
Converter 


Fic. 17 


SINGLE PHASE IMPRESSED E.M.F. = XY 

MOTOR E.M.F. — BC 

THERE IS А 2 TO 1 TRANSFORMATION OF E.M.F. FROM SINGLE-PHASE 
TO THREE-PHASE IN THIS CONNECTION 
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With pitch less than z the curve will have a different form, the 
amplitude being greater on one side of the plane of the coils than 
on the other, the areas of each wave will remain the same and 
second harmonic terms will appear. Let 2 m т be the new pitch 
then the average amplitude of the induction will be the same as 
before, namely B, and the value on one side of the coil will be 
2 (1 — mo)B and on the other side 2 m, B so that the total flux 
will be the same on either side. То obtain the values of the 
coefficients we have 


чит 5 = 
20- mB [enn tatem cos n 8d 0 = —— A, 
0 тет 
тот 2r 


2 (1 — то) B E sino | Е зал] EL д. 
n n 2 


0 


A, = 4B (4 mo) + mo 


sin 2 Mo т | 
n 


т 
4 В l 
A, = T (sin n m т) (2) 


Let 2 тот = { r, then (1 — т) T=} T and 


2 УЗ В 1 1 1 
Q = = (cos 0 + 5 cos 2 0 — + cos 4 0 — 5 cos 5 6 
оО сов T сое 10:0 ) (3) 
7 ' 8 10 “С 


А general expression for В where B is the average of the posi- 

tive and negative, maximum value for any pitch coil would be 
в = => z [—— sin n mo x cos n 0) (4) 

T n 

and includes all possible coil pitches. If the number of teeth in 
а pole pitch be л; in addition to the average induction as in- 
dicated by (4), there will also be a tooth ripple of flux, the maxi- 
mum value of which will depend upon the average value of the 
induction at each point. The value of mo must be a fraction 
having т, as denominator and an integral numerator. The 
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value of the integral numerator is therefore always тал, The 
correct value for the max. induction will therefore be 

4B 1. 
E z ( + sin n mom cos n ) | (1 


(Bu = 
т 


— (- 1)™"" K, cos n, 0) (б) 
where К, 15 the ratio of the average to the min. air рар. “mo” 
must always be chosen so that mo n, is an integer. 

If the length of the average effective air кар in centimeters 
be d the value of B is given by 


4T IN 
10 2d 


where Í is the maximum value of the current in the coil and W 
is the number of turns. If d is given in inches we may write 


4T IN 
10 2d 
If we integrate (D) between the limits (0 — m, *) and 
(6 + то т) we shall have the total flux Фф through the coil 


0 +m ж і 


В- 


gauss 


В = X 2.54 maxwells per square inch. 


- 421: z( = sinn morcos n0) 6 
0— me т 
От т 
-trt o [x (sinam cos 0) к, cos n, 80 
0 — mo м 
eja . . im 
T — sin n mo T sin n 0 | 
"m п 0— mo x 
9+ т r 
4Brl, wu. 1 sin (n — п.) Ө 
= (— 1) r K, Z--Ünmonm oa UN. 
0— mo r 
sin (п + n, 0) 
R 2 (n + nz) | (6) 


The second expression is zero for all values of 0 which are 
integral multiples of the tooth pitch angle, so long as mon is 
also an integer and therefore it is zero for all mutual inductive 
relations of similar coils on a symmetrical toothed core we there- 
fore have: 
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The induction through a coil displaced an angle 0 from the axis 
of a similar coil carrying a current giving a mean induction B both 
coils being wound on the same symmetrical toothed core is 

_ 8 Bri 
T 


> (<r sin? n mo T cos n 2 (7) 


Тһе second term in equation (6) also becomes zero when m, 
becomes infinite independent of the value of 0. We may there- 
fore safely make use of an imaginary uniformly distributed wind- 
ing when considering self and mutual impedances. It will also 
be shown later on that with certain ргоир:прѕ of windings the 
second term may be reduced to zero for every value of @. 

If №, be the total number of complete loops in one complete 


pole pitch, we may take 22 as the density of winding per unit 


angle of the complete pole pitch. The mutual induction per 
turn in a coil angularly displaced an angle @ from another coil 


of winding density Eus with an effective total air gap 2d and 


2T 
with windings subtending an angle 2 m, T is given by 
+m x 
8 N, rl 1 2 , 
М, = IE | -r Sin? n то Tr cos n(0+ 0) ) d 0' henrys 
— (8) 
_ 8 Nirl las . аны | 
asad > Q Sin? n mo Tr [sin т (0+ 6;) rou henrys 
m 16 Ni ri 


1 LÀ . 
1 TE > ( ya SiN? м Mo T sin "тут cos n 6) henrys (9) 


Next, if the loop of which M; is the mutual inductance is part of a 


ЖЕТ ЖС | -— N 
winding having distribution densitv of winding 2r and sub- 


tending an angle 2 m; T its mutual inductance with the other 
winding will be 


И _ 8 №М, №71 y 1 222 А 
4H 19 = 710% E 3 511% ТОЛ SIN М "m, Т СОЗ П 
“тез (0 + 0) d 0' henry (10) 
8N,Nerl 1 , | 


= ——— — sin?nm,m sin n mr 
10% v? d ni 


0' етік 
[sin n (0 + 8) henrvs 
0' 


= — Me T 
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16 Ni №, rl 
Mi = —0 m 4 


1 T ; | 
2 74 sin? n mo T Sinn m, T sin 


n тз п cos" о) Һепгуѕ (11) 


This is the general expression for the mutual inductance be- 
tween two groups of connected coils of like form on the same 
cylindrical core. It should be noted how much the harmonics 
have been reduced due to grouping. 

When the coils are not of like design as in the case of a rotor 
and stator and the pitch of the coils is different in one from the 
other, sin n т, T will not appear twice in the equation but one 
of its values must be replaced by sin n m, x where 2 m, T is the 
pitch of the new coil. Equation (11) then becomes 


sin n Mo T sin z m; T 


Mi = 


16 М, Nare У ( 
10? т? d nt 
sin n m, T sin n ms Т cos n 0) henrys (12) 


This formula is strictly correct when m; is an integer and when 
0 is an integral multiple of the tooth pitch. It is true for all 
values of 0 if either то or m, or both are unity. 

By considering the axes of two similar groups of coils as coin- 
cident we obtain the value of A, L, which is part of the self in- 
ductance of the group, thus 


16 N?re z( 
10? 7? d 


A, L, = sin? n mo T sin? n m, =) (13) 


п“ 

The other factor that enters into the self inductance 15 the slot 
leakage inductance which depends upon the number of turns in a 
coil, the number of coils in a group and the width and depth of 
the slot and the length of the air gap. Since with the value of 
А: Lı all the field which links the secondary winding has been 
included, only the portion of the slot leakage which does not link 
all the turns in the opposed secondary coil should be considered. 
No hard and fast rule can be made for determining this quantity 
since it depends upon the shape of the slots, there should be little 
trouble in making the calculation when the data is given. De- 
noting this quantity by A; Lı we have 


Li = А, T3 + A» 1, (14) 
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Symmetrically Grouped Windings. The above formulae give 
the mutual impedance between groups of coils, each group of 
which may be unsymmetrical. Generally machines are designed 
зо that, although the individual groups of coils due to fractional 
pitch may be unsymmetrical, the complete winding is symmetri- 
cal. When two coils are together in a slot this may be done by 
connecting one group of coils opposite the north pole in series 
with the corresponding group opposite the south pole; that is to 
say, the group displaced electrically by the angle т. If therefore 
we take equation (11) and consider the mutual induction as due 
to a group having axis at Ө = zero and another having its axis 
at 9 = х with a similarly arranged group of coils having its 
axis at б, we find that (11) becomes 


16 Ni №. rl 


Mi: = 10? 7? d 


bx 1 - 9 ° 
47 эи! n mo T sin » m, T 


sin n m, T (1 — cos пт)? cos n 0 | henrys (16) 


Similarly 


16 N, N. ri. 


Mi= — 0 m d 


1 i : 
> {+ sin» myT snnm, 


T sinam, T sin nm, T (1 — cos n T)? cos n 0 ) henrys (16) 


Since 1— cos m7 is zero for all even values of n it is evident that 
(15) and (16) contain no even harmonics, moreover the above 
formulae give the mutual induction between two similarly 
connected groups of windings, but if (1— cos n T) is used only with 
the first power these formulas give the mutual impedance be- 
tween one pair of such symmetrically grouped windings and 
another single group with axis inclined at an angle б. 

The value of self induction is 


16 N?re | 


âli = oad 


sin? n Mo T sin? n m T 


(1 — cos n т) | (17) 


5^ 


А» L, is found in the same г.аппег as before 
L. = А, L, + A» L, (18) 
It is obvious from (16) and (16) that the effect of dissymmetry 


is to introduce more or less double frequency into the wave form 
of generated e. m. f. 
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It will be seen from an examination of (16) and (17) that, for 


example, a winding of pitch 21 and subtending ап angle = 


when connected in a symmetrical group of two has the same field 
form and characteristics as a full pitch winding of the same 


number of turns subtending an angle an 


There are many symmetrical forms of winding but all will be 
found to be covered by the formulas (15) and (16). 

Unsymmetrical Windings. These may take many forms which 
may be classified: | 

(1) Dissymmetry of flux form due to even harmonics. 

(2) Dissymmetry in axial position of polyphase groups. 

(3) Dissymmetry in windings due to incorrect grouping of 
coils. 

(4) Dissymmetry due to unsymmetrical magnetic character- 
istics of the iron. | 

Of these various forms of dissymmetry the most common is a 
combination of (1), (2) and (3). These forms of unsymmetrical 
windings may all be calculated by the formulas (11) to (16). 

It is to be noted that the mutual inductance between a sym- 
metrical and an unsymmetrical winding is harmonically sym- 
metrical. Hence, if the field of a machine is harmonically 
symmetrical, the e. m. f. generated will be also harmonically 
symmetrical whatever may be the form of the windings. 

The reciprocal nature of M is fully established by its form, for 
it is immaterial in obtaining (16) whether we start out with the 
winding whose pitch is т, or with that whose pitch is ть, the 
result will be the same. The effect of saturation will be to tend 
to alter the values of the coefficients of M but the general form 
will not vary appreciably. We shall now consider some standard 
windings of Generators and Motors. 

Three-Phase Symmetrical Full Pitch. Here mo, m, and m; are 
0.5, 0.1666 and 0.1666 respectively. Using formula (15) all 
the even harmonics disappear and (1 — cos п т)? isequalto 4 or 
zero. 


_ 16 N Nar! 4 1 
М = 109 zd (cos 0 + 51 cos 3.0 + со; cos 5 0 
ER ES os 7 0 + _4_ cos 9 0 + ) (19) 
2401 “°° ' 6561 ды 
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Theoretical Symmetrical Three-Phase Winding. Here m, 
= 0.5,m, = ms; = 0.333. Using formula (11) 


_ 8 16N,Nerl 
Мы = + она (59+ 525 cos 5 0 
+ — | cos 7 0 + | 11 0 + ) 20 
2401 14641 95 9-4 5) 79) 


Неге the third group of harmonics is entirely eliminated. 


Three-Phase Symmetrical EN Pitch Winding. Here m, = 


3 
0.333, ті = т, = 0.166. Using formula (16) 
3 16N,Nerl 
М = 1 mes. [cos 0 + Əs — cos 5 0 
1 
+ 3361 cos 7 0 + qr сзп#+....) (21) 


which gives the same result as (20). 


FoRMULAS FOR SALIENT PoLE MACHINES 


The formulas given in the preceding discussion are appropriate 
for distributed winding and non-salient poles. Where salient 
poles are used the field form due to the poles with a given wind- 
ing will be arbitrary so that with the polar axis as reference we 
shall have 

в = а, воен) (22) 
Where @ is the induction through the armature or stator. When 
the poles are symmetrical A, cos n @ might be chosen at once for 
this condition and in this case we do not require coefficients of 
mutual induction between pole windings, since the value of.(8 
is obtained by considering the mutual reaction between pole 
windings to be such as will produce symmetry. We may how- 
ever assume @ to be perfectly general in form in which case the 
flux through a coil of pitch 2 m, T 1s 


4х № L rl z (= 


Ф = 102 sin n Mo Т cos n ) (23) 
We have therefore for the mutual induction between one pole 
and a group of coils at an angle @ and subtending an angle 
2 mim 
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Ма = 


4 № Nirl (А, _ . 

— 4 7 z( as sin m mo z sin п тут cos n 0) (24) 
and where there is symmetry due to grouping of windings, we 
have 


Ма = sin nMi Sinn m, T 


4 N, №, ғ] y I A, 
109 d n? 


(1 — cos ит)? cos я 0 | (25) 


where №, is the number of turns for one pole and (25) applies to 

one pair of poles and the corresponding group of coils. When there 

are more than one pair of poles in series and the corresponding 

groups of winding are also in series, if it is desired to consider 

the mutual inductance of the complete winding, the result given 

above must be multiplied by the number of pairs of. poles. 
If in equation (16) we take 


Ne Тайна 7 | 
тп 
i | (26) 
and — = B, 
Tn 


it becomes 


м. = 32MiNorl | В, 


10° d 5 sin n M, T sin n mo T 
n 


sin n m, T (1 — cos n T)? cos n 0 ) (27) 


which is the expression corresponding to (25) starting with the 
winding flux form. (26) and (27) must therefore be identical 
and we have 


32 №, N. re À 4 №. №, ге 

— 4 В" 19 n mr- — oa ^ 
or 

4, 
В, = S sin n m, 7 (28) 
and 
211, Е 
В; = E (В, sin n mo T cos n 0) (29) 


10 d 
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and is the induction wave form for a single turn of the winding. 
The expression for the mutual inductance between windings 
of the same core for salient poles is obtained in terms of the pole 

bu. A, 
flux wave form by substituting in the formulas —— ns 
8 sin n m, T 


We have therefore the following formulas for salient 


for 1 
пт 


poles. 
General expression considering only one pole and one group of 


coils. 


2T №. I, 
(B, = — 4 > (An cos n 6) (a) 
_ wh, SIN n тя | 
@ = 204 z (4. Bn HE cos z 8) (b) 
4 № Nirl An . -- 
Ма = а ETT = sin nm T sin n ту T cos n 0) (c) 
M -2N №71 fa. О sg T sina m, T 
б 10* 7 d ( nm  sinnm,T к : 
sin n ms T COS n ) (d) 
4T №? rl An. 
4,1, шш xr ®( sin n m, т) (e) 
2 Nèri А, Sin? n MoT sin? n m, T 
А gr ыы л т ae Cele iita 
_ 109 та | n sin 7 m, T ) % 


General expressions considering only poles to be symmetrical. 
Considered on the basis of two poles, N4 being turns on one pole. 


в, = 2* N. L. > {An (1— cos x т) cos n 0) (a’) 
10 d 

т li | sin n mo T | ; 

= 799 У + À, SUME (1— cos 1 T) cos n д (b’) 


Ma = iN N ri СР DM T Sin 2 7?) T 
a 10? d \ n? 0 1 


(1 — cos n т) cos n в) (c^) 
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Mi = чыш I Ai SNOT c NR SCR 
a 1074 n? Sin z m, T os ! 
sin n т T cos n О  henrys (d^) 
EN 4T №? rl 51 А, . | | , 
А L. = —loi Р sin à m, T (1— cos T) (e^) 
_ 2N: rl me Аһ  sininmoT sin! n mi T | ; 
кре 10? T d ә віп п т. т (ғ) 


General expression with both polar and winding symmetry. 


m 2T М. I, S ,” 
Ba = туу = (4,01 cos n T) cos n 0) (a’’) 
Я T li г: sin n тот = | ” 
@ = — 2 ина (1 — cos 1 т) cos n 0 (b’’) 
_ ы A, 
Ma = 10° d 212 
cos n 0) (c’’) 
Bas 29N,N.rl I А, SinnmoT . , 
Мү = we qe э aa sin N Mo sinn m, T 
Т sina h. т (1-- cos n T)? cos n 0 | (d'') 
= 590715] 4. _ 1 " 
Arla = lod ^ "uL тх T (1— cos n T) (е”” 
AL, = 2N?rl X A, sin? n mo T sin? n my T 
10? T d n sin n Mz: T 
(1- cos n my | (f’’) 


In using any of the formulas given above for machines having 
more than two poles, it must be divided by the number of pairs 
of poles and likewise the expression for M or A, L must be multi- 
plied by the number of pairs of poles, which leaves the formula 
for these quantities unchanged. 
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Let us next consider the actual induction in the air gap with 
а distributed winding operating with three-phase currents. Let 
in, be the magnetizing current of the first phase 44,» and itn; 
those of the other phases. The induction due to one group of . 
coils of phase 1 1$ 


кс. 8 Ni i.i 


1. | 
@ = Ord > | A sin n mo a sin n тут cos n | (30) 


and if the phase displacement of 2 and 3 from 1 be фи. and e; 


8 Ne tm 1, 
В: = AIT I Ta Sin n mo T SiN n mx T COS (n0 — гі) | 
(31) 
= 1. | | 
y= Sates y | "E sin n mig T sin n тут cos (n Ө— физ) | 
(32) 
For symmetricallv grouped coils the formulas become 
_ 8 Мііш <s I Ls Y _ 
SS pea ge es (1 — cos n T) 
cos n 0 | (33) 
Be = B Nodes 2 Ur sin я My T.sin H m. (1 — cos n T) cos m 
10 7 d ы 
6-629] (06 
в, = Š Ns tns | sin п mo T Sin n та T (1 — cos n T) cos m 
10 7 d n? , 


(0 — q13) | (35) 


For a symmetrical three-phase motor with full pitch coils 
то = 0.5, m, = т. = m; = 0.166 (33), (39) and (85) become 
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which is the field due to one group of coils alone. The wave is 
flattened by the third group of harmonics but all the other 
harmonics are peaking values. There is therefore a decided 
. gain in such a wave form of flux since it permits of high funda- 
mental flux density. 

The maximum value of flux is approximately 


В,а: = 0.828 : Тота (87) 


where d is given in centimeters. 


1.67 N t, 


Beds = T d 


maxwells per square inch, 


with d given in inches. 

For the total winding the resultant induction will be the sum 
of Bı, Bs, and В. If we take the symmetrical winding with 
angles between planes of symmetry 


2 т 4 т 
Фіз = —— and фз = ---, we have 
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cos п (8 — іт) zz oa - ry се 


If we multiply these three quantities successively by Žmı, 
а?Ї,,., alm, and add, we have 
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and giving » successive odd values from 1 up, we find for (39) 
the following values 
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We may therefore express (8 by 
В = real part of 


16 № 5} 1 o (1- 
Ord "C sin n MoT sin? m, T cos n T 


X sin? (40) 

It will be obvious that if we proceed around the cylinder in the 
negative direction of rotation at an angular speed w and Im, 
is equal to Imi е, for n = 1 the value of B, will remain 
constant and real, hence B, must be a constant field rotating at 
angular velocity w in the negative direction. The value of B may 
be expressed in harmonic form, but in this form it does not illus- 
trate the rotating field theory so aptly. The harmonic form is 
given below and is simpler in appearance than (40). 


sin n mo T sinn m (1l — cosm T) 
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For а symmetrical three-phase motor with full pitch coil 
= 0.5 m, = 0.166) @ becomes 
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This gives for the maximum induction approximately 


_ 1.075 X12 Mim 129 Ni im 
Bes doxd | = xd Ваш id 


where d 1s measured in centimeters. 


(һас = 2 хы maxwell per square inch . (44) 


where d is measured in inches and Nis the total number of 
turns per pair of poles. 


REPORT OF THE BOARD OF DIRECTORS 
FOR FISCAL YEAR ENDING APRIL 30, 1918 


The Board of Directors of the American Institute of Electrical En- 
gineers presents herewith to the membership its Thirty-fourth Annual 
Report, for the fiscal year ending April 30, 1918. A General Balance 
Sheet showing the condition of the Institute's finances on April 30, 1918, 
| together with other detailed financial statements, is included herein. 


Directors’ Meetings.— The Board of Directors held ten regular meetings 
during the year and one adjourned meeting. Eight meetings were held 
in New York, one in Philadelphia in October, and one in Cleveland 
in March. The adjourned meeting was held in New York in March. 

The Executive Committee held two meetings in New York, on January 
9 and January 22, 1918. Both of these meetings were held for the pur- 
pose of considering matters relating to the Engineering Council. 

In accordance with the practise established years ago, the Board has 
endeavored to keep the membership informed of its proceedings by the 
monthly publication of a résumé of the business transacted at each meet- 
ing. These notices have appeared in each issue of the PROCEEDINGS, 
but they are not, however, a complete report of the work done by the 
Board at any one meeting, for the reason that many important matters 
are referred to committees for further consideration, and publicity in such 
cases must generally be deferred pending their final disposition. Infor- 
mation relating to such matters is usually published in subsequent issues. 


Annual Meeting.—The Annual Business Meeting was held at Institute 
headquarters, New York, on May 18, 1917. The Annual Report of the 
Board of Directors for the fiscal year ending May 1, 1917, was presented 
as published in full in the June 1917 issue of the PROCEEDINGS. The 
Tellers Committee presented its report upon the election of officers for 
the year beginning August 1, 1917. 

The principal feature of the meeting was the presentation of the Edison 
Medal to Nikola Tesla; this ceremony following the business meeting. 


Annual Convention.— The Thirty-fourth Annual Convention was orig- 
inally scheduled to be held at Hot Springs, Va., June 26-29, 1917. In 
view of the national crisis which developed in April it was decided by the 
Board of Directors at the May meeting to cancel the Convention and to 
hold instead a special meeting in New York City, for the presentation of 
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the papers originally scheduled for presentation at the Convention. This 
special meeting was held on June 27-28. 


Pacific Coast Convention.—' The Pacific Coast Convention for 1917 
was to have been held under the auspices of the Los Angeles Section in 
September 1917. At the May meeting of the Board of Directors, upon 
the recommendation of the Los Angeles Section and the Meetings and 
Papers Committee, the Convention was cancelled. 


Philadelphia Meeting.— The first Institute meeting of the administra- 
tive year of 1917-18 was held in Philadelphia on October 8, 1917. There 
were two technical sessions, at which three papers were presented. 


Three-City Meeting.— A Three-City Meeting was held in Boston, Jan- 
uary 8, New York, January 11, and Chicago January 14, 1918, the same 
paper being presented at all three meetings. This innovation was tried 
for the purpose of providing an opportunity for the local members in all 
three cities to participate in the discussion, all of which will be published 
in the TRANSACTIONS. 


Midwinter Convention, New York.—' The Sixth Midwinter Conven- 
tion was held in New York on February 15 and 16, 1918. Four technical 
sessions were held. The attendance was about 400. On the evening of 
February 15 an informal dinner was held which was attended by 225 mem- 
bers and guests. 


Cleveland Meeting.—4An inter-section meeting in which the Toledo, 
Toronto, Detroit, Pittsburgh and Cleveland Sections participated, was 
held in Cleveland, Ohio, on March 8, 1918. Four technical papers were 
presented at two technical sessions. Ап informal dinner was held be- 
tween the afternoon and evening sessions. The latter session being held 
jointly with the Association of Iron and Steel Electrical Engineers, опе . 
of the four papers was presented on behalf of the A. land S. E. Е. The 
meeting was attended by Presidents E. W. Rice, Jr., of the A. I. E. E., and 
C. A. Mink, of the A. I. and S. E. E., and members were present from all 
the sections mentioned above. The attendance at this meeting was 
about 150. 


Pittsburgh-New York Meeting.— The Institute meeting for April was 
held in Pittsburgh on April 9 and in New York on April 12, under an 
arrangement similar to the mectings held in Boston, New York and Chi- 
cago in January 1918. The same two papers were presented at both the 
New York and Pittsburgh meetings. 


New York Meetings.—In addition to the meetings referred to above, 
Institute meetings were also held in New York in November and April. 
The attendance at the November meeting was 175 and one paper was pre- 
sented; the attendance at the April meeting was 250 and two papers were 
presented. The April meeting was preceded by an informal buffet supper 
under the auspices of the New York Membership Acquaintance com- 
mittee. 
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National Defense.— In the annual reports for 1916 and 1917 the pub- 
lished references to the Institute's connection with matters pertaining to 
National Defense were limited to the various actions taken during 
the year covered by each report. It has been thought, in view of the 
entry of the United States into the war, that the membership will gain 
a better perspective of the services actually rendered by the Institute 
if in preparing the present report there be included not only a record of 
the developments of the past year, but a summary of all of the defense 
work done during the three years from the time when the co-operation 
of the engineering societies was first suggested in connection with na- 
tional preparedness. 1% is felt that such a statement will also be useful 
as a record for future reference, and the following has been prepared with 
these objects in view. 


X 


Engineer Officers’ Reserve Corps.—Early in 1915, when the subject of 
an Officers' Reserve Corps in connection with the Army reorganization 
plan was under consideration in Congress, the suggestion was made that 
the National Engineering Societies tender their assistance to the War 
Department in the formation of an Engineer Reserve, there being no ade- 
quate provision at the time for any large body of engineers in the Ármy. 
Acting on this suggestion the Institute and other national engineering 
societies formed a joint committee for the purpose of taking such steps 
as seemed desirable to assist in the organization of such a corps as a part 
of the regular Army. Conferences were held with the Secretary of War, 
officers of the General Staff and the War College, and the chairmen of the 
House and Senate Committees on Military Affairs. Largely as a 
result of the work of this joint committee, the National Defense Act 
of 1916, which became effective on July Ist of that year, embodied 
a provision for an Engineer Reserve Corps as part of the Officers' Re- 
serve Corps. A circular contairfing an abstract of the engineer section of 
this Act was mailed to all members of the Institute on July 5, 1916. 

Upon completion by the War Department of the details of the requirc- 
ments and qualifications for commissions in the Officers’ Reserve Corps 
as provided in the new law, a second circular was issued by the Institute 
to the membership under date of September 12, 1916, giving complete 
information regarding the qualifications for commissions in the Reserve, 
thus enabling interested members to apply for commissions promptly. 
Many applications were filed at that time by members of the Institute 
who are now in active service. 


Naval Consulting Board—In July 1915 the Institute was invited by 
the Honorable Josephus Daniels, Secretary of the Navy, to select two 
members for appointment by him upon a proposed Naval Advisory Board, 
to be presided over by Mr. Thomas A. Edison, and to be composed of men 
recognized throughout the country for their inventive genius and engi- 
neering achievements, to assist the Navy Department, instructively and 
critically, in the development of such new ideas for naval advance as might 
be found worthy of consideration. The underlying idea was to make 
available to the Navy Department the latent inventive and engineering 
genius of the country to improve the Navy and to bring the officers of the 
service into more intimate contact with the industrial resources of the 
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country. Similar invitations were extended to ten other scientific and 
engineering organizations. ' 


Industrial Inventory.—The good work of the Institute's representatives 
upon the Naval Consulting Board is attested to in the following letter 
and invitation received by the Institute from the President of the United 
States, under date of January 13, 1916: 


“Тһе White House 


Washington. January 13, 1916. 


My dear Sir: 
The work which the American Institute of Electrical Engineers has done through its 


members on the Naval Consulting Board is a patriotic service which is deeply appreciated. 
It has been so valuable that I am tempted to ask that you will request the Institute to 
enlarge its usefulness to the Government still further by nominating for the approval of the 
Secretary of the Navy a representative from its membership for each state in the Union to 
act in conjunction with representatives from the Amcrican Society of Mechanical Engineers, 
the American Society of Civil Engineers, the American Chemical Society, and the American 
Institute of Mining Engineers, for the purpose of assisting the Naval Consulting Board 1n 
the work of collecting data for use in organizing the manufacturing resources of the country 
for the public service in case of emergency. I am sure that I may count upon your cordia! 


cooperation. 


With sincere regard, | 
Cordially yours, 


| (Signed) Wooprow WILSON. 
Mr. John J. Carty, President, 
American Institute of Electrical Engincers, 
New York City.” 


This invitation was accepted by the Board of Directors of the Institute 
at a special meeting called on January 21, 1916, and the nominees selected 
by the Institute were subsequently appointed by the Secretary of the 
Navy. The resulting organization became officially known as the State 
Directors of the Organization. for Industrial Preparedness and Associate 
Members of the Naval Consulting Board of the United States. These State 
Directors made a canvass of all the industrial establishments in their 
respective states by means of a confidential industrial inventory form 
giving in great detail data regarding their manufacturing and producing 
resources. The statistics obtained by the Government as the result of 
this work fully justified the confidence shown by the President of the 
United States in entrusting to engineers a task of such magnitude and 


detail. 


General Co-operation with Government.—On February 5, 1917, during 
the diplomatic exchanges between the American and German Govern- 
ments, resulting from the announced policy of the latter to sink merchant 
shipping in certain prescribed zones without warning, the following joint 
telegram, signed by the Presidents of the Civil, Mining, Mechanical and 
Electrical Engineers, was sent to the President of the United States: 


“To the President, 
Executive Mansion, 
Washington, D. C. 
We, the presidents of the National Societies of Civil, Mining. Mechanical and Electrical 
Engineers, and of tke United Engineering Society, with a membership of thirty. thousand, 
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cordially unite in supporting Congress and the Administration in the stand for freedom and 
safety on the seas, and we are confident that we represent the membership of the four so- 
cieties in offering to assist towar the organization of engineers for service to our country in 
сазе of war.” 


This was followed by a special meeting of the Executive Committee on 
February 6, at which it was decided to issue immediately, on behalf of the 
Board of Directors, to all Institute members in the United States, a 
circular letter calling attention to this telegram and to the opportunities 
existing for patriotic service to the nation in case of emergency. This 
circular letter was issued under date of February 8, 1917, and was accom- 
panied by a simple classification sheet which members were requested to 
fill out and return to Institute headquarters, indicating whether or not 
they would be available for military or naval service if required. Over 
two thousand of these classification sheets were filled out and returned to 
Institute headquarters and subsequently were placed at the disposal of the 
War Department. А considerable number of the members who sent in 
data sheets was communicated with by the branches most urgently in 
need of their services. 


On April 2, 1917, in co-operation with several other engineering socie- 
‘ties, the Institute issued to the membership two pamphlets containing 
instructions and methods of procedure for engineers who desired to offer 
their services in the Army or Navy of the United States. The pamphlets 
also contained all information available regarding all of the branches of 
the Army and Navy in which the services of electrical engineers could be 
utilized to good advantage. The circulation of these pamphlets aroused 
great interest and resulted in the filing of a great many more applications 
by Institute members for commissions in the Officers' Reserve Corps and 
in the Naval Reserve, many of which were favorably acted upon. 


During the past year the Institute has maintained its connection with 
the Government through a number of agencies, among which may be 
mentioned: the Naval Consulting Board, the Subcommittee on Wires 
and Cables of the Standards Committee, the National Research Council, 
the Engineering Council, and the General Engineering Committee of the 
Advisory Commission of the Council of National Defense. 


Personnel.—In the work of obtaining technically trained men and men · 
of special qualifications for Government service, the Institute has been 
able to render considerable assistance to the Government. It has been 
called upon’ repeatedly by various branches of the Army, and the Navy, 
for technical men for special services, also by industrial corporations and 
various Government bureaus, to recommend individuals or small groups 
of men for special work. 

On September 20, 1917, Rear-Admiral L. C. Palmer, Chief of the Bureau 
of Navigation, Navy Department, in a letter addressed to the President 
of the Institute, informed him that the Secretary of the Navy had auth- 
orized the commissioning of one hundred graduate electrical engineers 
as Lieutenants, junior grade, in the U. S. Naval Reserve Force, that three 
organizations, namely, the Naval Consulting Board, the National Re- 
search Council and the American Institute of Electrical Engineers, were 
each requested to nominate eighty-five men possessing certain specified 
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qualifications, and that from the total of two hundred and fifty-five candi- 
dates thus nominated, a Board of Naval Examiners would select the one 
hundred men to be commissioned. A circular containing this information 
was mailed to the entire membership of the Institute in the United States, 
so that every member might have an opportunity to apply for one of these 
commissions or to recommend desirable candidates. 

At the Directors meeting held on October 8, 1918, a special committee 
was appointed to examine the applications received by the Secretary and 
to select therefrom the Institute’s eighty-five nominees. This committee, 
consisting of five members of the Board of Directors, met at Institute 
headquarters on October 16 and 17, and from the applications received up 
to that date, selected, solely upon their merits, eighty-five nominees whose 
names were transmitted to Rear-Admiral Palmer on October 18. The 
Naval Consulting Board and the National Research Council transmitted 
their nominations upon the same date. 

Of the eighty-five men nominated by the Institute, thirty-eight were 
included in the first hundred commissioned. It was learned later from 
reports received from individual members of the Institute that in addition 
to the one hundred men who were originally commissioned a considerable 
number of other applicants received commissions. 

Under date of March 22, 1918, the Institute was requested by Rear- 
Admiral Palmer to nominate, in groups of twenty-five each, specially 
qualified electrical engineers, for training as submarine officers in the 
Naval Reserve Force. The successful candidates are to be commissioned 
as Ensigns, and after satisfactorily completing a special technical course 
of instructions they will become part of the active Submarine Officer 
Complement of the Navy. The first group of nominations was submitted 
to the Navy Department, early in April. 

This request was supplemented several weeks later with a call for an 
additional 50 nominees for the rank of Ensign in general service in the 
Naval Reserve Force. Work on the selection of these nominees is now 
progressing. 

Other requests received by the Institute for co-operation in obtaining 
the services of technical men include the following: 


Navy Department: Bureau of Navigation, candidates for aviation in- 
spection duty for training as Ensigns in the Naval Reserve Flying Corps; 
Bureau of Yards and Docks, candidates for appointment in the Civil 
Engineer Corps of the Naval Reserve Force, for the ranks of Ensign, 
Lieutenant (junior grade) and Lieutenant. 


Bureau of Chemistry: electrical engineers for special investigations in 
grain-dust explosions in mills throughout the country. 


War Department: Signal Corps, electrical men for radio division, 
radio operators and mechanicians for Air Service, and graduate electrical 
engineers for the aviation section; Coast Artillery Corps, electrical gradu- 
ates for training school at Ft. Monroe, Va. with opportunity for com- 
missions; Ordnance Department, Trench Warfare Section, technical men 
for commissions in Ordnance Officers Reserve Corps; Corps of Engineers, 
enlisted men for engineering and railway units and replacement regiments 
of engineers. 
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Eight hundred and twenty-four members of the Institute are now serv- 
ing with the uniformed forces in the Army or Navy of the United States, 
and in addition, a large number are serving the Government in various 
civilian capacities. А great many members are also giving their services 
as members of various committees engaged in war activities. 


General Engineering Commitlee.— Shortly after the entry of the United 
States into the war and at the suggestion of President Wilson, each of the 
four National Engineering Societies designated two representatives upon 
a committee of the Advisory Commission of the Council of National 
Defense under Dr. Hollis Godfrey, Commissioner of Engineering and 
Education, as chairman, to serve as the medium through which the en- 
gineering societies might serve the Government. In September last this 
committee was reorganized as the “General Engineering Committee,” 
with Prof. C. A. Adams as chairman. 


Besides acting on minor questions referred toit by the Government, this 
committee was active on four important tasks: 1. the preparation of 
a scheme of organization for war purchases, which has since partly been 
put into operation; 2. electric welding in shipbuilding; 3. development of 
cast steel anchor chain; 4. specifications for shipboard cable for the Navy 
Department. (For details regarding the three latter items see statement 
herein relating to the Standards Committee.) 


The General Engineering Committee dissolved when the Council of 
National Defense discontinued all of its advisory committees. The work 
was then reorganized and continued under other agencies. 


National Research | Council.—The National Research Council was 
formed at the request of the President of the United States by the Presi- 
dent of the National Academy of Sciences for the purpose of furthering 
scientific research in its broadest aspects. Its field includes educational 
institutions, technical, scientific and medical organizations, governmental 
departments and theindustries. Upon invitation the Institute designated 
representatives upon the Engineering Committee of the Council. This 
committee was organized early in 1917 with offices in Washington and 
New York. It isin contact with the work of the other committees of the 
Council and since its organization it has been engaged on a wide range of 
engineering problems brought to its notice by the several branches of the 
Government. Weekly meetings have been held and weekly reports of its 
activities have been sent to'each member of the committee. The confi- 
dential nature of these reports and of the problems which have been under 
consideration has rendered it inexpedient to publish detailed statements 
regarding the work which has been carried on. 


Membership Service Classification.—Early in February 1917 the 
Institute offered its services to the Government in case of emergency. 
It soon became evident that in order to extend the fullest possible co- 
operation and to respond promptly and effectively to the numerous de- 
mands which were being made upon the Institute by the different govern- 
mental departments and industrial establishments engaged in Government 
work, for technical men of special qualifications, it would be necessary 
to have available for immediate reference at Institute headquarters de- 
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tailed information regarding the many members who were willing and 
anxious to serve the Government. After conferences with the other 
National Engineering Societies, the matter was brought to the attention 
of the Board of Directors of the Institute at its meeting of October 8, 
1917, at which meeting a proof of a suggested form of questionnaire which 
had been prepared was submitted with a request for an appropriation 
sufficient to distribute the form to the membership and to compile an 
index of the replies. * Recognizing the importance of such a classification, 
the Board granted an appropriation of $1,000 for this purpose and auth- 
orized the Secretary to proceed with the work after opportunity had been 
given for final revision of the form. А special committee was appointed 
to have supervision of the classification and indexing. 

Although primarily intended as an aid in selecting technical men for 
service in the present emergency, it is proposed to maintain a permanent 
file of this data at Institute headquarters to be revised from year to year 
for use after peace has again been restored. Such a classification has been 
contemplated for several years in connection with the regular work of the 
Institute and its committees. 


Employment.—It is over three years since the Institute first initiated 
the plan for assisting its members in obtaining employment and employers 
in obtaining desirable employees. It has not attempted to conduct an 
employment department in the generally accepted sense of the term, 
but has simply acted as a medium for placing men in touch with oppor- 
tunities, through the publication of announcements in the montly Insti- 
tute PROCEEDINGS, under the heading of "Engineering Service Bulletin.” 

While the service might have been developed to a greater extent had it 
been possible to appropriate funds for carrying on the work, the results 
attained since the plan was inaugurated are, nevertheless, very gratifying. 
'T here 1s no doubt that it offers a wide sphere of usefulness, and that the 
service is highly appreciated; not only by the individual member who is 
seeking a position, but also by the many corporations and men in posts of 
responsibility who have been assisted by the Institute in obtaining the 
services of high-class technical men. Тһе co-operation of the membership 
in bringing vacancies to the attention of the Secretary will be very helpful 
in the future successful conduct of this work. 


United Engineering Society.— In the Directors’ Annual Report for 1917 
reference was made to the addition of three stories to the Engineering 
Societies Building as a result of an agreement whereby the American 
Society of Civil Engineers was to be admitted into the fraternity of 
founder societies and take up its headquarters in the building. 

Full details regarding this agreement were published in the PROCEED- 
INGS for September 1916. 


This work was completed in the Fall of 1917 and on December 7, 1917, 
a joint meeting was held under the auspices of the Institute, the American 
Society of Mechanical Engineers, and the American Institute of Mining 
Engineers, at which the American Society of Civil Engineers was formerly 
welcomed into the fraternity of the founder societies and the occupancy 
of its quarters in the enlarged Engineering Societies Building. These 
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four great National Engineering Societies are thus brought together 
under one roof with all of the obvious advantages for closer cooperative 
action, realizing more fully the purpose of the donor of the building, Mr. 
Andrew Carnegie, that it should be the home and headquarters of the 
engineering profession of America. 


Engineering Council.—The Engineering Council represents the result 
of an organized effort inaugurated in the latter part of 1916 by four of the 
leading national engineering societies—the American Society of Civil 
Engineers, American Society of Mechanical Engineers, American Insti- 
tute of Mining Engineers and the American Institute of Electrical En- 
gineers, to establish a central body to deal with matters of common in- 
terest to engineers and to serve as a connecting medium between the 
engineer on the one hand and the public welfare on the other so far as such 
matters relate to the engineering profession, in order that united action 
may be possible. 


The first meeting of the Council was held on June 27, 1917. The An- 
nual Meeting of the Council was held on February 21, 1918. Officers were 
elected and the following committees were appointed: Executive, Fi- 
nance, Rules, Public Affairs, American Engineering Service, War, Fuel 
Conservation and Patents. 


For details regarding future plans of the Council, its field, and aims, 
members are referred to the abstracts from a statement issued by the 
Council in February 1918, published in the Institute PROCEEDINGS for 
April 1918. 


Sections Committee. — The encroachment of the many demands of 
these unprecedented times has been reflected in the activities of the Sec- 
tions and Branches. Many of the leading men have been called away on 
war duties, while others have assumed additional burdens at home. 
The number of meetings held during the past year has for these reasons 
been reduced, yet it is gratifying to observe that the total attendance in 
the Section meetings has actually increased. 


This is undoubtedly due to the fact that these meetings have been ar- 
ranged to present topics of current interest. It has been evident to any 
one who has seen the notices of these various meetings over the country 
that the thought of service and knowledge of present day problems were | 
uppermost in the mind of thc enginecr. 


The list of Sections has been increased by the addition of Erie, Pa., 
which qualified on January 11, 1918, under conditions which inspire con- 
fidence in its future. 


The Branches have, however, been severely affected by the influences 
of war. There our young engineers have forfeited their present educa- 
tional advantages and have gone into the ranks of the service in 'arge 
numbers. Several Branches have suspended activity, temporarily, while 
two, the Queens University Branch, Kingston, Ontario, and the Michigan 
Agricultura] College Branch, East Lansing, Michigan, were added, re- 
spectively, on January 11 and March 15, 1918. Two other Branches, 
the Iowa State College Branch, and the Rhode Island State College 
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Branch, were terminated by the Board of Directors at their request. 
The tabulation following shows the reduction in Branch activity. 


For Fiscal Year Ending 


ri a om ea 


1913 1914 1915 1916 1917 1918 
SECTIONS 
Number of Sections......... 20 30 31 32 32 34 
Number of Section meetings 
held xa ьа 244 233 246 251 265 245 
Total Attendance........... 22,825 22,626 23,507 28,553 31,299 34,614 
BRANCHES 
Number of Branches........ 47 47 52 54 59 50 
Number of Branch meetings 
held, ыгы у a ert ERE 357 306 328 360 368 268 
Attendance................ 11,808 11,617 12,712 15,166 16,107 10,683 


On the whole the situation in the Sections and Branches is one for 
encouragement rather than otherwise. It augurs well for the participa- 
tion of the engineer in the country's large affairs and insures the continued 
maintenance of the activities of the Institute. 


Standards Committee.— The Standards Committee has held monthly 
meetings throughout the year except in January and the summer months. 

Owing to the numerous demands made upon many members of the 
committee by war work, all non-essential subcommittees were allowed to 
mark time thus reducing the number of active subcommittees from over 
40 to about 20. 


Subcommittee on Wires and Cables.—'The Subcommittee on Wires and 
Cables of the Standards Committee was appointed by the Board of 
Directors in response to the request of Rear-Admiral Griffith, Chief of 
the Bureau of Steam Engineering, to assist the Navy Department іп the 
solution of problems relating to wires and cables with special reference to 
the high-tension cables to be used on the new electrically-driven warships. 

This committee, after conducting a considerable number of investi- 
gations and much experimental research, has sent reports to the Navy 
Department on several subjects. The committee is still co-operating 
with the Navy Department and expects to extend its activities to other 
departments of the Government. 


Electric Welding in Ship Construction, Another important piece of 
war work which originated in the Standards Committee is the application 
of electric welding to shipbuilding. This was started in August 1917 as 
the Electric Welding Subcommittee of the Standards Committee, and 
was adopted by the General Engineering Committee of the Council of 
National Defense in September. Finally, after the Council of National 
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Defense had dropped all of its advisory committees, this subcommittee 
was appointed in February by the U. S. Shipping Board, Emergency 
Fleet Corporation, as its Electric Welding Committee, with C. А. Adams 
as chairman and with ample financial support. An enormous amount of 
valuable work has been and is being done by this committee, which in- 
cludes representatives of: The Emergency Fleet Corporation, the Classi- 
fication Societies, (Lloyds Register of Shipping and the American Bureau 
of Shipping), U. S. Navy, Bureau of Standards, electric welding manu- 
facturers and users, electrical engineers and metallurgists. 

The Research Subcommittee of the Electric Welding Committee is also 
attached to the Engineering Division of the National Research Council. 

The principal object of the Electric Welding Committee is to save time, 
labor, material and expense by the extension of the application of electric 
welding to shipbuilding. This is being done not only by the extension 
of the application to minor parts of ships, but also by demonstrating its 
suitability and economy on the capital parts of ships. 


British Conference. Аз а result of an invitation from the Engineering 
Standards Committee of Great Britain, Mr. H. M. Hobart was sent to 
London in September 1917 as a delegate from the Standards Committee 
to a joint conference on standards for electrical machinery. Mr. Hobart 
brought back numerous suggestions which have been acted upon by the 
Standards Committee. 

Mr. Hobart also investigated the electric welding situation in England 
and rendered a report which has proved very satisfactory in the work of 
the Electric Welding Committee. 

Another result of this visit was that the Emergency Fleet Corporation, 
engaged Captain James Caldwell, in charge of the electric welding work 
for the British Admiralty, to spend a couple of months here and to give 
the Electric Welding Committee the benefit of the experience of Great 
Britain. This visit has proved most helpful all around. 


Standardization Rules. The result of the year's work of the Standards 
Committee as far as the Standardization Rules are concerned, does not 
involve many radical changes, although some of the additions are dis- 
tinctly valuable. The changes and additions will be published in a re- 
vised supplement. A complete revision of form and arrangement is 
under way and will be completed for a new edition in 1919. 


American Engineering Standards Committee.—In January 1917 a 
joint committee was appointed with three representatives from each of 
the Four National Engineering Societies, and the American Society for 
Testing Materials, to prepare a plan of organization for an American 
Engineering Standards Committee. This committee completed its work 
on June 19, 1917, and rendered its report to the five societies interested. 

The governing boards of the four National Engineering Societies, 
A. S. C. E., A. S. M. E., A. L. M. E, and A. I. E. E., approved the plan of 
organization and appointed three representatives each upon the proposed 
American Engineering Standards Committee. The executive committee 
of the А. S. T. M., presented certain suggestions and additions. The 
organization committee was therefore continued and proceeded to con- 
sider the suggestions of the A. S. T. M. 
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А revision of the constitution and rules of procedure governing the 
proposed American Engineering Standards Committee, satisfactory to 
the representatives of all the societies, has finally been completed and a 
report has been submitted to the governing boards of the respective 
societies for approval. 


Meetings and Papers Committee.— The Meetings and Papers Com- 
mittee has held six monthly meetings during the past year, at which the 
programs of the Institute meetings and conventions during the season 
were arranged. One meeting was held in Philadelphia in October 1917, 
four in New York during the winter, and one in Cleveland in March 1918. 

The policy of the Institute of holding a number of its regular monthly 
meetings outside of New York City was thoroughly discussed at the 
opening meeting and while there was considerable sentiment in favor of 
continuing this policy as in the previous year, the difficulty of railroad 
travel and the fact that the present year was an extremely busy one for a 
large proportion of the Institute membership led the committee to limit 
the meetings outside of New York to two; one of which was held in Phila- 
delphia in October, and the other in Cleveland in March. 

About 80 papers have been considered by the committee during the 
year ánd owing to the abnormally high cost of printing and publishing 
at the present time the selection of papers has been made with unusual 
care. Every paper which has been offered during the past year has been 
reported upon by one or two members of the technical committee to which 
it belonged before final action has been taken by the Meetings and Papers 
Committee. 

In order to bring the papers presented at regular meetings before as 
large a number of the Institute members as possible, a new arrangement 
for meetings has been devised which has been called Inter-section 
Meetings, in which one paper is presented as nearly simultaneously as 
possible before several different Sections. Two of these meetings have 
been held this year with considerable success; one in January 1918 in 
Boston, New York and Chicago, and another in April in Pittsburgh and 
New York. The meeting at Cleveland was held under the joint auspices 
of the Cleveland, Pittsburgh, Toledo, Toronto and Detroit Sections, and a 
joint technical session was held with the Association of Iron and Steel 
Electrical Engineers. This participation by the different Sections in 
regular Institute meetings is believed to have added considerable stimulus 
to the activities of the Sections participating and has been generally 
beneficial to the Institute. 


Editing Committee.—The Editing Committee, which now has entire 
supervision of the TRANSACTIONS, announced last year that future issues 
of TRANSACTIONS would be published semi-annually. Owing to war con- 
siderations, however, which resulted in a considerable reduction in the 
amount of material published, it was found that the papers for the entire 
year would make only one volume of the usual size and it was subse- 
quently decided to publish the 1917 TRANSACTIONS in one volume. This 
plan was followed to avoid the publication of two small books instead of 
one of the usual size, and it also results in a very considerable reduction in 
the expense of binding and distribution. 
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The volume is now completed and is being. distributed approximately 
five months earlier than in previous years. 

The system of handling papers and discussions for the TRANSACTIONS 
has been gradually evolved from experience with different methods. It 
has now been practically standardized for several years and appears to 
meet with general satisfaction. 

All authors and discussors have the opportunity of revising their con- 
tributions both in the manuscript of the stenographer and їп the proof. 
Each author has the privilege of reading the proof of all discussion before 
the final revision of his closure. 

All papers published in the PROCEEDINGS are not necessarily published 
in the bound TRANSACTIONS. The responsibility for a decision in this 
matter now rests with the Editing Committee. 

The committee suggests that papers of the character that are accepted 
for publication without presentation be printed only in the Annual 
TRANSACTIONS. 


Public Policy Committee.— The Public Policy Committee held one 
formal meeting during the year at which a communication regarding the 
bill to incorporate the American Academy of Engineers, referred to the 
committee by a vote of the Board of Directors, was considered. A 
report upon this matter was subsequently made to the Board of Directors 
by the committee. 

А majority of the members of the Public Policy Committee, being 
members also of the Engineering Council, official action by the com- 
mittee on matters other than that above referred to has not seemed 
desirable, as such matters now come within the scope of the Engineering 
Council, thus resulting in a large measure in cooperation between the four 
National Engineering Societies. 


Code Committee.—The Code Committee has continued to represent 
the Institute on the Electrical Committee of the National Fire Protection 
Association and representatives of the committee attended the biennial 
meeting of the National Fire Protection Association. The name of this 
committee was recently changed by an amendment to the by-laws of the 
Institute from “Содйе Committee" to “Committee on Safety Codes.” 


U. S. National Committee, International Electrotechnical Commission. 
—Two meetings were held by this committee during the year, both at 
Institute headquarters; the first on December 14, 1917, the second on 
March 13, 1918, the latter meeting being held jointly with the Institute's 
Standards Committee. 

The International Electrotechnical Commission has been prevented 
by the War from holding any international gathering, but it has been 
the expressed desire of the U. S. National Committee that an attempt 
should be made to hold such a meeting as soon as conditions will permit, 
as the lack of intercommunication between the various national com- 
mittees of the allied countries since 1913 has naturally served to retard 
generally electrotechnical development. 

At the March meeting attention was given to certain inquiries made 
by the French National Committee concerning such changes as may have 


730 REPORT OF THE BOARD OF DIRECTORS [April 


taken place in the А. I. E. E. Standardization Rules since the last con- 
vention of the International Electrotechnical Commission in 1913. The 
necessity for such explanations would not have arisen if the work of the 
Commission had not been held in abeyance by the world-war. Some 
progress, however, has been made independently among the various 
individual national committees. 


Committee on Code of Professional Conduct.—The only matter which 
this committee acted upon during :he year was the formulation of 
definitions of an "Electrical Engineer." A report embodying several 
definitions has been prepared and filed at Institute headquarters. 


Board of Examiners.— The Board of Examiners held 18 meetings during 
the year, averaging about three hours each. It considered and referred 
to the Board of Directors with its recommendations a total of 1889 appli- 
cations of all kinds. In addition to these the Board reviewed or recon- 
sidered 33 applications for a second and third time. 

The demand upon the time of the Board has been greater during the 
past year than in any previous year, owing to the large number of applica- 
tions filed for admission or transfer to the higher grades. Such appli- 
cations are considered in great detail and all of the evidence submitted 
by the applicants, including the record and communications from refer- 
ences and others, is read by the Board. 

The result of the Board's work for the year is given in the following 
tabulated statement: 

APPLICATIONS FOR ADMISSION. 


Recommended for grade of Associate..............1036 
Not recommended for grade of Associate........... 10 1046 
Recommended for grade of Member............... 74 
Not recommended for the grade of Member........ 50 124 
Recommended for grade of Fellow. ............... 11 
Not recommended for Fellow..................... 5 16 
Recommended for enrolment as students............ 576 576 


APPLICATIONS FOR TRANSFER. 


Recommended for grade of Member............... 66 

Not recommended for grade of Member........... 4l 107 
Recommended for grade of Fellow. ............... 11 

Not recommended for grade of Fellow............. 9 20 
Total number of applications considered........... 1889 
Applications reconsidered......................... 33 
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Membership Committee.—' The work of the committee has resulted in 
the filing of 1235 new applications. Much credit for the success of the 
committee's work is due to the loyal support of the Sections and more 
particularly the chairmen of the local membership committees. 

The following tabulated statement shows the number of members in 
each grade, the total membership of the Institute on April 30, and the 
additions and deductions which have been made during the year. It is 
not intended, however, to show the number of applications received, 
as a considerable number is still in the preliminary stages and cannot, 
therefore, be embodied in a list of the members of the Institute. 


Honorary 
Member Fellow Member | Associate Total 

Membership, April 30, 1917. 4 455 1223 7028 8710 
Additions: 

Transferred.............. 14 76 

New Members Qualified... 2 3 66 937 

Reinstated............... 2 8 54 
Deductions: 

Died.................... 4 7 26 

Resigned................ 1 3 111 

Transferred.............. 4 84 

Dropped................ 5 27 318 


ee d Loic 


Membership, April 30, 1918.. 6 464 1332 7480 9282 


Net increase in membership during the уеаг.................................... 572 


Deaths.— The following deaths have occurred during the year: 

Fellows.—Albert F. Ganz, F. B. H. Paine, John K. Robinson, Karl 
Von Krogh. 

Members.—Harry Bottomley, Eugene F. Roeber, Henry R. Ford, J. G. 
Lorrain, Osborn P. Loomis, E. W. Stevenson, E. P. Warner. 

Associates.—L. К. Pomeroy, S. Н. Harvey, Stuart A. Nims, W. К. 
Kretsinger, P. H. Goodwin, W. S. Horry, Arthur Gunn, William G. Bee, 
T. Ohta, John Sachs, W. H. Peberdy, George Scharfe, Percy L. Cobb, 
John Gilmartin, R. C. Carter, Charles O. Smith, William Duddell, John 
Hesketh, John H. Goehst, Robert L. Stevenson, O. Zell Howard, Bernard 
W. Capen, Cyril F. Mickler, St. John Chilton, James A. Barkley, Henry 
N. Brooks. 

Total deaths, 37. 


Edison Medal.—The Edison Medal for 1916, which had been awarded 
to Nikola Tesla by the Edison Medal Committee in December of that 
year “for his early original work in polyphase and high frequency electric 
currents" was presented to Mr. Tesla with appropriate ceremonies at the 
Annual Meeting of the Institute held in New York on May 18, 1917. 

The Edison Medal for 1917 has been awarded to Col. John J. Carty 
"for his work in the science and art of telephone engineering," and the 
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presentation will take place at the Annual Meeting of the Institute which 
will be held in New York on May 17, 1918. 


John Fritz Medal.—-The John Fritz Medal for 1917 was awarded to Dr. 
Henry Marion Howe ‘ог his investigations in metallurgy, especially in 
the metallography of iron and steel." The presentation was made in the 
Engineering Societies Building in New York on May 10, 1917. 

The John Fritz Medal for 1918 was presented to Mr. J. Waldo Smith 
in the Engineering Societies Building, New York, at a joint meeting held 
on April 17, 1918, for “achievement as engineer in providing the City of 
New York with a supply of water.” 


Finance Committee.— During the year the committee has held monthly 
meetings, has passed upon the expenditures of the Institute for various 
purposes, and otherwise performed the duties prescribed for it in the 
Constitution and By-laws. | 

Haskins and Sells, certified public accountants, have audited the books, 
and their report is included herein. It will be noted that in the report a 
readjustment of the Institute's equity in the property held in trust by the 
United Engineering Society has been made, due to the admission of a 
fourth founder society to the United Engineering Society. 

In company with the Secretary, the Treasurer, and a representative of 
Haskins and Sells, the chairman of the committee examined the securi- 
ties held by the Institute and found them to be as stated in the account- 
ants' report. 
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NEW YORK H ASK | М S & e E LL. S SAN FRANCISCO 


CHICAGO LOS ANGELES 
DETROIT CERTIFIED PUBLIC ACCOUNTANTS SEATTLE 

ST. LOUIS CABLE ADORESS "HASKSELLS'" DENVER 
CLEVELANO 30 BROAD STREET ATLANTA 
BALTIMORE NEW YORK WATERTOWN 
PITTSBURGH LONDON 


AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
CERTIFICATE 


We have audited the books and accounts of the American Institute of 
Electrical Engineers for the year ended April 30, 1918, and 

We Heresy CERTIFY that the accompanying General Balance Sheet 
properly sets forth the financial condition of the Institute on April 30, 
1918, that the Statement of Income and Profit & Loss for the year ended 
that date is correct, and that the books of the Institute are in agreement 


therewith. 
HASKINS & SELLS, 


Certified Public Accountants. 
New YORK, 


May 14, 1918. 
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AMERICAN INSTITUTE OF 


EXHIBIT A. GENERAL BALANCE SHEET 
ASSETS. 
REAL ESTATE: 
One-fourth Interest in United Engineering Society's Real Estate, 
No. 25 to 33 West 39th Street: 


Land and Building ое 4555 RE EA AEN $472,500.00 
Real Estate Equipment, etc................ —— ааа» 14,292.79 
Total Real Евїайе................................ $486,792.79 
EQUIPMENT: 
Library—Vclumes and Ріхінгев............................ $ 40,031.55 
Works of Art, Paintings, еїс............................... 3,001.35 
Office Furniture and Рї}хїшгеєз............................... 12,274.65 
Total ie s о et Suka аларын aes $ 55.307.55 
Less Reserve for Оертесїаййоп............................. 9,419.77 
Remainder—Equipment.......................... $ 45.887.78 
INVESTMENTS: 
Bonds—City of Wilmington, Delaware, 475 %, 1934, Par Value 
315:000:00:8 о ea жиш кюю unb A x ves STRE EE Re $ 15,834.19 
United States Liberty Loan, 454° Bonds.................... 10.000. 00 
Total Investments... ............................ 25,834.19 
WORKING ASSETS: 
Publications Entitled "Transactions," etc................... $ 14,049.00 
Paper and Cover Paper....... uer анама da a eR Ber Eee 1,046.28 
Badges. оО NA EET A AUR E qu ЫЙЫ 676.70 
Total Working Assets............................. 15,771.98 
CURRENT ASSETS: 
Caslicciu cube uw a АДЫ I EA d Axa de M ТТЕ $ 12,270.07 
Accounts Receivable: 
Members for Past Омезв................................. 9,559.82 
AGOVEPUSETR. sus tue duds wo Bat xw Se iA NS PA 769.70 
Miscellaneous................................ eee we as 470.76 
Accrued Interest on Investments........................... 56.25 
Accrued Interest on Bank Balances......................... 358.66 
Total Current Ав5е48............................. 23,485.26 
Есхрв: 
Life Membership Fund: 
Cash oen donde av eaim utere зан аа du $ 438.67 
Chicago, Burlington & Quincy Railroad Company 
Bonds, 4%, 1958, Par Value $5,000.00......... 4,868.75 
Accrued 1пїетезї.............................. 33.33 $ 5,340.75 


International Electrical Congress of St. Louis— 
Library Fund: 


ГГ ОРИГ ео $ 943.99 
New York City Bonds, 4154, 1957, Par Value 
$2:000:00.. 25 tee желки» жак edet dod SURGE 2.248.71 
Accrued 1пїетевї............................... 45.00 3,237.70 
MAILLOUX FUND: 
67 у о our ЫДЫ Ы таты ықы $ 167.35 
New York Telephone Company Bond, 45; 9, 1939 1,000.00 
Accrued Interest.............................. 22.50 
—————— 1.189.85 
Midwinter Convention Fund—Cash......................... 163.58 
International Electrical Congress ot San Francisco— 
"o debo sorores be ma oa heehee doa, о ДЫ йа 40.50 
Total Funds рае us etas $ 9.972.38 
Dves PAID ім ADVANCE—INTERNATIONAL ELECTROTECHNICAL 
COMMISSION, LONDON, ЕхсіАмр.............................. 500.00 


"Totali ллы! eid viue nates ade te Бома $608,244.38 
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ELECTRICAL ENGINEERS. 
APRIL 30, 1918. 


LIABILITIES 
CURRENT LIABILITIES: 


Accounts Payable—Subject to Approval by the Finance Com- 


О ooo or es sue u ae en s a i cee eee адын $ 6,304.01 
Due United Engineering Society Account Building Addition. ... 10,000. 00 
Dues Received in Ай4уапсе................................ 2,382.87 
Entrance Fees and Dues Advanced by Applicants for Member- 
SHID ees v Sone eee WEAR ТЕГЕЛЕ ТЛ IE Qd E LEE 179.50 
Total Current Liabilitics.......................... $ 18,866.38 
Funp RESERVES: 
Life Membership Риапа.................................... ‚$ 5,310.75 
International Electrical Congress of St. Louis—Library Fund... 3,237.70 
Mailloux Fund... ша Ve baa Race е a iv dg 1,189.85 
Midwinter Convention Рипа.............................. 163.58 
International Electrical Congress of San Francisco............. 40.50 
Total Fund Reserves............................. $ 9,972.38 
SurpLus: Per Exhibit “В”.................................. $579,405.62 


Жогарыда ЕС E. OO Ee aes $608,244 . 38 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS. 


STATEMENT OF INCOME AND PROFIT AND Loss. 


For THE YEAR ENDED APRIL 30, 1918. 


EXHIBIT B. 


REVENUE: 
Entrance Fees.. c vous vw a sasaqa q SEE WS A Та $ 5,545.00 
PI. "Hr" 96,897 .93 
Student'& Dues ике дк гек в CI E RO PU Ug RM Nd 3,771.00 
Transfer Реез............................................ 940.00 
NAOVEFLIBIRR 222,545 oe gos Ww керке UR ADR AO e p UAR ARR ЫЗ 8,189.02 
Subscriptions ouod secet ed RE V rea eae ERE Ca ad es RACE 3,286 .20 
Sales of '"Transactions," еїс............................... 2,574.24 
Badges В | іы er ee ea RAE wh es $2.253.75 
о: 1,992.12 
` — YT 261.63 
Interest on Їпүез$їтпепїз................................... 675.00 
Interest on Bank Ва]апсе$................................ 1,027.43 
оо ERU T s SG E RR OS 30.74 
ТО uy —————Á—————ÁÁ—— А $123,198.19 
EXPENSES: 
Meetings and Paper Committee: 
Salaries: жж aat a v eras а EEK a e wt еа eee eco a Denn $ 5,560.00 
Binding and Mailing Proceedings......................... 4,384.97 
Printing Ргосеейїпи$.................................... 6.052.07 
Engraving Proceedings.................................. 1,523.22 
Paper and Cover Рарег................................. 4,581.05 
Envelopes osi E HEIL REC SORA Ok PRE aswan q 723.20 
Stationery and Miscellaneous Ртіпбіпр.................... 177.96 
General Ехрепвев...................................... 250.35 
Meeting tas uku ОР Фа Өз МА Ra CR CR 3.193.14 
Editing Committee: 
Volume Nocdd os rro Ea ДА РЕ eek a ies 136.22 
Volüme Мо Зоо клн занака Роа aa 12,370.15 
Volume No: JO stot Ee geh оша Зан a bee АЕН 5,372.29 
Мо 2 ayy acie i Uo СТЕНЕ $ 44,324.02 
Deduct Increase in Inventory of Publications: 
April 30. I9 TÉ usc suis tO Oe ASTA es $12,884.25 
April 30, 1918............................. 14,049. 00 1,164.75 $43,159.87 
Executive Department: 
Sala ie ecu S кни ыс CR A wa a e iuto қауы ЫЗ $ 17,698.50 
General Ехрепвев...................................... 2,737.33 
United Engineering Society—Assessments................. 4,800.00 
TGR DS CGS go ia ae vA Do VEN EE E ou PE Алы T Veste Wee irs 311.13 
POStAge ик. клеш BON MARR AS HEU Ne S a hay e I a A 1,980.65 
Advertising olus хык dw EA OX cR A RC DE DT E cle 2.623.74 
Stationery and Miscellaneous Printing.............. 000008 3,027.68 
Year Book and Catalgue............................... 3,487.90 
Office Furniture and Fixtures—Discarded................. 51.20 
Tots sus woran ca Sul y pad does pA o es a ose oT a addis we dun 36,718.13 
Sections Committee: 
Section Меейїйїпи$....................................... $ 6,162.15 
Branch Meetings о МЕРЫ S ШЫСЫ Sa Ede PS 208.85 
Salaries, New York Ойсе............................... 2,340.00 
Stationery and Printing, New York Office................. 698.70 
Express on Advance Соріев.............................. 8.09 
Total de: qas ayasa au wu аған YS УО ОУ ОСЕК $ 9,417.70 
FORWARD. Lied us ое Ve o dt E RAS $ 89.295.79 
КЕуехсгв--(Еогтаг4)...................................... $123,198.19 
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КЕУЕХОЕ—(Рогжага)..........................................ә.. 5... $123,198.19 
ЕхРЕМ5Е5—(Ёогжага)................................................. $ 89,295.79 
Сепета1: 
Library Сотттїїее..................................... $ 4,000.01 
Membership Committee............................... .. 1,079.38 
Finance Сотт!64ее..................................... 150.00 . 
Standards: Сотптїее................................... 1,221.72 
Code Committee....................................... 30.00 
Annual Dues, International Electrotechnical Commission.... 250.00 
National Defense— Miscellaneous Ехрепвев................ 1,488.42 
John Fritz Medal Award ....................... ........ 94.00 
Honorary бесгеїагу.................................... 4,000.00 
United Engineering Society, Engineering Council........... 1,600.00 
American Engineering Standards Committee............... 359.37 
Membership Classification бетуісе........................ 776.65 15,049.55 
gl ЖОЛГОЛОТ УГУ ГУ СО ГГ S $104,345.34 
Deduct: 


Decrease in Accounts Payable— Subject to Approval by the 
Finance Committee, Expenses Undistributed at: 


May 1, 1917—As Adjusted............................ $ 7.869.81 
April J0. ЭВ oos e Rut cetus iud АбЕ Ме Ate E S eg 6,304.01 1,565.80 
Total Expenses................... da Qu M Mee UE a d A $102,779.54 
ГА e 
ANEIREUENUE.——— р eee hee ЗЫ йк beans ane aed $ 20,418.65 
ProFit AND Loss CREDITS: 
Accessions to Library Volumes and Fixtures.................. $ 151.75 


Refund of Unexpended Balance of Contribution of American 
Institute of Electrical Engineers to proposed International 


Electrical Congress 1915................................ 321.99 

Оба Arcee dete ie Es ewe quu К sme as 473.74 

Gross SURPLUS FOR THE ҮЕАВ........................................... $ 20,892.39 

PROFIT AND Loss CHARGES: 

Uncollectible Dues Written ОЙ............................ $ 4,003.75 
Provision for Depreciation of Furniture and Fixtures. ........ 1,393.49 
Amortization of Premium on City of Wilmington, Delaware— " 
4'5C. Bonds of 1934.................................... 52.14 

ТОҚА ырысы ы мара МЫЗ ЕНЕ УКГ ka ое a i te 5,449.38 

NET SURPLUS FOR THE ҮБЕАВ................ "rS $ 15,443.01 
SURPLUS. May: 1, 1917. а sche XU eee na $623,016.43 


App—REAL ESTATE EQUIPMENT AND PRELIMINARY EXPENSES 
CREDITED TO THE INSTITUTE BY THE UNITED ENGINEERING 


SOCIETY BUT NOT HERETOFORE SHOWN ON THE BOOKS.......... 15,710.44 
Total: yau ete Ты а На аан $638,726.87 
Drepvcr: 
Value of Equity Adjusted to One-fourth Interest: 
Real Estate Equipment, etc.................. $ 4,764.26 
Land and Building.......................... 132,500.00 
Totals 252 x xe и $137,264.26 
Less Increase in Equity in Building by Addition 
of Three бїопез........................... 62,500.00 
Net Adjustment of Equity Value...................... 74,764.26 
Surplus as А4дучыїед.......................................... 563,962.61 
SuRPLUS, APRIL 30, 1918............ Stee СГ К К ERES $579,405.62 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 


STATEMENT OF CASH RECEIPTS AND DONATIONS FOR DESIGNATED PUR- 
POSES. ALSO DISBURSEMENTS, FOR THE YEAR ENDED APRIL 30, 1918. 


EXHIBIT C. 
RECEIPTS: 
Life Membership Риапа.......................................:..... $217.68 
International Electrical Congress of St. Louis Library Fund—Interest 
and .Royaltieg 1. 22222 ырыуы os ROT da Ee I alia 93.40 
Mailloux Ғипа--Іпеегеві............................................ 45.00 
Midwinter Convention Fund— Contributions and Interest.............. 74.53 
pros oM FI RD cC мады PME EE $430.61 
DISBURSEMENTS: 
Life Membership Рипа............................................. 217.68 
Midwinter Convention Рипа........................................ 6.75 
Tutül oJ v6.5 t o.b:res Ra ГГ ОК КЕК УЛО РО Т $224.43 


RECEIPTS AND DISBURSEMENTS PER YEAR PER MEMBER. 
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THE DESIGN OF TRANSPOSITIONS FOR PARALLEL 
POWER AND TELEPHONE CIRCUITS 


BY HAROLD S. OSBORNE 


ABSTRACT OF PAPER 


This paper presents the results obtained ina recent design of 
transposition systems for telephone circuits exposed to induction 
from circuits of other kinds, particularly from three-phase 
power circuits, and the coordinate arrangements of trans- 
positions in the power circuits. The new arrangements are 
the result of a systematic investigation of the degree of flexi- 
bility which could be obtained in the coordination of telephone 
transpositions and transpositions in outside disturbing circuits, 
particularly three-phase power circuits. 

In presenting the results obtained, а discussion is first given of 
the requirements which must be met by systems of transpositions 
for telephone circuits in general, and by the new ''exposed line" 
system in particular. Ап outline is given of the methods used 
in the design work and the theory upon which it is based. The 
diagrams in the paper show the arrangements of transpositions 
for all circuits on eight crossarms of telephone line. The results 
to be obtained from the use of these diagrams are outlined, 
and the suitable locations of coordinate transpositions in parallel 
power circuits are discussed. 

The application of these and other arrangements of coordinated 
transpositions to specific cases must take into account the vari- 
ations in separation and other changes in the power and tele- 
phone circuits. It is considered to be beyond the scope of the 
present paper to go into a discussion of the problems involved 
in these specific applications. 


e 


INTRODUCTION 


N a well-engineered telephone system the power transmitted 

into a long-distance telephone circuit is almost entirely ab- 
sorbed in line losses. The circuit terminates in that marvelous 
little electric motor, the telephone receiver, which requires only 
а few millionths of a watt for its operation. As the power de- 
livered to the line by the telephone transmitter may be measured 
in hundredths of a watt, only a fraction of one per cent of the 
transmitted energy need be received at the far end of the line. 
This is fortunate, for as the telephone currents are of relatively 
high frequency, the energy losses suffered by transmission over a 
given circuit are very much greater than would be the losses for 
60-cycle current. Moreover, the telephone currents must be 
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carried over very great distances. It has therefore been 
necessarv to do an enormous amount of work in developing 
means for increasing the efficiency of long telephone circuits in 
order that country-wide service may be given with a network of 
conductors which should not be prohibitively expensive. 

The large ratio between the energies at the transmitting end 
and at the receiving end of a long distance telephone line imposes 
very severe limitations on the amount of inductive effect which ' 
can be permitted between different telephone circuits. If the 
transfer of energy between two circuits is more than a millionth 
of the energy transmitted there is danger that one can overhear 
on one circuit what is said on the adjacent end of the other. This 
must of course be avoided, and an even stricter limitation of the 
transferred energy is desirable. 

The method which is used to prevent excessive transfer of 
energy between telephone circuits on the same pole line is the in- 
stallation of a systematic arrangement of transpositions of the 
conductors of each circuit. 

Present standard telephone practise for open-wire circuits 
provides ten wires spaced about one foot (0.3 m.) apart on a 
crossarm and any number of crossarms spaced two feet (0.6 m.) 
apart on a pole. The currents carried by these circuits are of 
very high frequency compared with those used in power practise 
and tend to make much of small mutual impedances or admit- 
tances between the circuits. It is small wonder then that when 
in 1886 the first long distance telephone line was built between 
New York and Philadelphia it was found that, listening at the 
distant end, an observer could not tell which circuit was used for 
transmission but could hear equally well on all of them. The 
systematic study of telephone transpositions began at that 
moment and has continued until the present day. 

One factor which has much complicated the study of tele- 
phone transpositions is the common use of phantom circuits. 
These are more accurately described by the French terms 
derived or superposed circuits. A phantom circuit is formed by 
superposing a third circuit on two 2-wire telephone circuits 
called the side circuits of the phantom. The phantom and its 
side circuits thus use the same copper conductors, and it is evi- 
dent that great care in balancing the inductive relations is 
necessary to prevent the transfer of energy between circuits so 
intimately related. 

Long distance telephone lines have not grown up without 
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neighbors, and in the design of telephone transposition systems 
it has been necessary to take them into account. Telegraph 
systems and power transmission systems have been contempor- 
aries with the telephone system in the process of development, 
These systems have not in general been obliged, for any reason 
of their own, to restrict their electric and magnetic fields as has 
been necessary with telephone circuits. From the first, however, 
the limitation of the effect of these outside fields has been a 
factor in the design of telephone transposition systems. 

It is evident that when a telephone circuit is paralleled by an 
electric power circuit carrying hundreds or even thousands of 
kilowatts, the mutual inductive connection between the two cir- 
cuits must be extremely minute if we are to avoid induction in the 
telephone circuit of power of the same magnitude as that of 
the voice currents or even much more. In fact, this difficult 
problem would probably be quite impractical of solution if we 
had to rely alone upon balance produced by transpositions. 
Fortunately, another very weighty factor works for the solu- 
tion of the problem. The fundamental frequency of commercial 
power circuits is out of the easily audible range and quite out of 
the range of frequencies which the telephone line must transmit 
in order to reproduce intelligible speech. As a matter of fact 
the noise produced by power circuits in telephone circuits is 
practically not at all due to the fundamental but due to the 
harmonics or high-frequency components of the power circuit 
which lie within the range of telephone frequencies. The energy 
represented by these harmonics is represented by kilowatts or 
even by watts rather than by thousands of kilowatts. Іп spite 
of this fact the degree of balance required in cases of close parallel 
Is very precise indeed. 

Of all the means used to reduce the inductive effect between 
power circuits and telephone circuits the coordinate trans- 
position of both classes of circuit is probably the most generally 
important. The application of this means to parallels between 
telephone and power circuits 1s in practical cases attended with 
difficulties because instead of two circuits running accurately 
parallel for long distances the separation usually varies at 
frequent intervals and very irregularly. 

The usual case, in which the power circuit is. three-phase, 
presents another complication which is fundamental to this type 
of circuit. The telephone circuit is a single-phase circuit and 
its conductors have only two relative arrangements on the pins. 
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The three-phase circuit has three possible arrangements of its 
conductors on the pins, and three sections of line, each with a 
different arrangement, аге necesssary for what is called a “barrel” 
of the power circuit. The combinations of relative pin positions 
of the two circuits when both are transposed are, therefore, six 
in number. The difficulties introduced by this relation have 
been discussed in an earlier paper* before the Institute. 

Although the importance of neutralizing as far as practicable 
the effect of outside circuits has always been a factor in the de- 
sign of transposition systems, the possibilities of coordinating 
the telephone transpositions with the transpositions in three- 
phase power circuits were not at first fully developed. With 
the great growth in both telephone circuits and three-phase 
power circuits this matter has been growing rapidly more im- 
portant in telephone transmission. 

In connection with the very extensive investigations of the 
Joint Committee on Inductive Interference in California it was 
therefore considered advisable to undertake the development of 
a new system of telephone transpositions which would embodv 
the maximum possibilities of coordination of transpositions in 
the two classes of circuit. There has resulted from this work a 
system of transpositions known as the ''exposed-line" transpos- 
ition system. 

OvTLINE OF METHODS OF DESIGN 

The design of a transposition system requires the mastery of 
a very difficult and complicated technique. It is attempted 
here to give only a general outline of the methods employed 
and some of the difficulties encountered and overcome. Some 
of the mathematical work 1s given in the appendices. 

Conductive and Inductive Connections. The mutual connection 
between two circuits may be of any of the following characters 

Resistance 
Leakage 
Inductance 
Capacitance 

Two circuits may be said to be unbalanced with respect to 
each other by a mutual connection of any of the four above 
characters when the mutual connection enters into the circuit 
in such a way that current in one circuit tends to cause a current 
in the other circuit. 


*Inductive Interference as a Practical Problem. Messrs. Griswold & 
Mastick, TRANSACTIONS, 1916, p. 1051. 
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By resistance and leakage we denote conductive connections 
respectively series and shunt. Although two metallic circuits 
which have no resistance in common cannot have a mutual re- 
sistance unbalance, care is necessary to avoid a mutual re- 
sistance unbalance between a phantom and its side circuits. This 
is however a matter apart from transpositions. The leakage 
from telephone circuits is almost all directly to ground. This 
is normally kept very low because of the large effect which high 
leakage would have upon the efficiency of the circuits. For 
these reasons leakage is not an appreciable factor in the inter- 
ference between telephone circuits, except under abnormal con- 
ditions, such as those produced by baling wire thrown over a 
telephone line. | 

Two circuits strung side by side have both mutual inductance 
and mutual capacity unbalances. The two terms represent 
the coefficients by which are measured the unbalanced action of 
the mutual electromagnetic and electrostatic fields respectively, 
and both represent inductive rather than conductive effects. It 
is the purpose of transpositions to correct for these as largely as 
may be. | 

Inductive Effects Between Telephone Circuits. The general 
equations for the mutual inductive effects between long parallel 
circuits are hopelessly complex. For the benefit of those inter- 
ested a discussion is given in Appendix A of the mathematics by 
which these inductive effects may be computed in some simple 
special cases. In Appendix B are given equations for the most 
simple general case, that is, the case of inductive effects between 
two long symmetrical parallel wires with ground return. Ex- 
amination of equations (7) to (10) in this appendix shows that 
the current or voltage in either conductor is represented by the 
sum of two complex exponential terms. Little consideration is 
required to convince one that similar general equations for forty 
parallel wires would be impracticable either to establish or to 
use. 

However, in studying the inductive effects between telephone 
circuits (commonly called cross-talk), use can fortunately be 
made of a beautiful simplification. Although the circuits are 
very closely associated on the same pole line, the requirement 
for good operation after the circuits are transposed is that the 
transfer of energy from one circuit to another shall be exceed- 
ingly small. This being the case, the reaction of the induced 
current on the inducing circuit is evidently negligible. The prob- 
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lem can therefore be studied by computing the current and volt- 
age of the inducing circuit as though no currents whatever were 
induced in other circuits and then computing the inductive 
effect of these currents and voltages on each adjacent circuit 
under the assumption that no current flows in any of the other 
circuits. 

In order that this computation may be carried out, it is neces- 
sary that the coefficients of induction between the circuits be 
determined. The mutual inductance unbalance between all 
pairs of circuits on a 40-wire pole lead сап be readily computed. 
It was estimated, however, that to compute the direct capacities 
between circuits would require the time of one man for at least 
ten years. It was therefore found much cheaper and more 
practical to make measurements of the capacities between the 
wires in a short section of line under construction. The results 
obtained in this way are given in Table I. 

Resultant Unbalance between Long Circuits. With the data 
and by the use of the approximations outlined above, it is pos- 
sible to compute the inductive effect between any two short 
lengths of telephone circuit on the pole lead. In carrying out the 
computation of the effects for long circuits, however, a compli- 
cation arises due to the fact that the current and voltage in the 
disturbing circuit are different both in magnitude and phase 
angle at different points of the line. The change in magnitude, 
because of attenuation effect, varies from 0.05 per cent to over 
0.5 per cent per kilometer on open wire telephone circuits of 
different construction, and the change in phase angle varies 
from a small value up to nearly 10 degrees per kilometer. Also, 
in the propagation of induced current along the disturbed cir- 
cuit to its terminal, this current undergoes a similar change in 
magnitude and in phase angle. Therefore, the current induced 
between two circuits in one kilometer length of line cannot be 
perfectly balanced against that induced in another kilometer 
length, and no matter how often or under what arrangement 
the transpositions are placed, they cannot serve to perfectly 
balance out the induced effects. There is always a resultant 
effect which is known as the “type unbalance”. The trans- 
position system must be so designed that this type unbalance is 
kept below the desired limits for all combinations of the circuits 
on the lead. 

A brief mathematical discussion of type unbalance is given in 
Appendix C. 
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The tvpe unbalance does not measure the entire inductive 
effect between two telephone circuits, for this is contributed to 
also by another factor which is sometimes very important. It is 
impracticable to locate the telephone transpositions at exactly 
the theoretically correct points. In laying out a new line it is 
sometimes possible to set poles exactly at the theoretical trans- 
position point, and when this cannot be done the nearest pole 
is generally chosen as the transposition pole. However, the 
transposition itself occupies two pole spans. Moreover, small 
changes in separation of wires cannot be avoided, even going 
round a curve introduces a certain amount of irregularity in the 
separation of wires. These and other irregular factors increase 
the inductive effects above those due to the tvpe unbalances and 
must be taken into account in designing the transposition system. 

Phantom Circuits. One factor which introduces a large com- 
plication into the design of transposition systems is the general 
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Fic. 1—PHANTOM TELEPHONE CIRCUITS 


6 of phantomed circuits in long-distance telephone lines. 
This is standard practise for long distance telephone circuits, 
and makes it possible to obtain three circuits from each two 
pairs of wires instead of two. The principle involved in phan- 
toming is generally understood. The arrangement is indicated 
diagrammatically in Fig. 1. 

By the transposition of a phantom circuit the pin positions of 
its side circuits are interchanged, and the coefficients of inductive 
effect between the side circuit and other circuits on the lead are 
changed. In order that the phantoming may be possible with- 
out interference, it is therefore necessary not only to very care- 
fully balance the terminal transformers and other apparatus 
connected to the telephone lines, but also to use a transposition 
system that provides for a very high degree of balance of the in- 
ductive effects between the phantom and its side circuits and 
also between these circuits and the other circuits on the pole line. 
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It is evident that in designing the transpositions in the side cir- 
cuits it is necessary to take into account the transpositions in 
the phantom. Forexample, in the figure, side circuit C would be 
considered balanced to side circuit Fif the transpositions in these 
two circuits only were to be considered. However, the trans- 
positions in the phantom circuits change the coefficients of in- 
duction between circuits C and F in different parts of the section 
shown and therefore prevent the transpositions in the side cir- 
cuits from balancing this section. 

Equations showing the method of computing the equivalent 
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Fic. 2—TypicaL ARRANGEMENTS ОЕ TRANSPOSITIONS 


exposure and the type unbalance between circuits which are 
phantomed are given in Appendix D. | 

In order to fit in with standard telephone practises a trans- 
position system must provide for the phantoming of any two 
horizontally adjacent pairs of circuits and any two vertically 
adjacent pole pairs. The system must also provide that any of 
these combinations of circuits may be атон апа апу 
others non-phantomed. 

Typical Arrangements of Transpositions. In carrying out the 
design of a transposition system it is convenient and economical 
to arrange the transpositions for each circuit in accordance with 
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one or another of a list of selected typical arrangements. In 
Fig. 2 are shown the types, 32 in number, suitable for use in a 
transposition section made up of 32 parts of equal length. 
Reading from bottom to top, the types are arranged in the draw- 
ing so that each type has one more transposition per section 
than the preceding type. | 

The type unbalance between two telephone circuits*is deter- 
mined by the relative transposition of the two circuits, that is, 
the points at which one circuit is transposed but not both. The 
typical arrangements of transpositions have the characteristic 
that the exposure between any two circuits so transposed can be 
represented by some other type; that is, the exposure between 
any two types is the same as the exposure between some other 
type and a circuit without transpositions. For example, ex- 
posure f to k= exposure F to K =A, exposure J to m =k. For 
transposition sections divided into 64 equal parts, 32 more 
typical arrangements can be added to the 32 shown in the figure 
bv adding a transposition at the midpoint of each elemental 
length of each type. 

Typical Arrangements for Exposed Lines. The purpose of the 
exposed-line transposition system 15 particularly to provide in- 
creased facility in balancing the induction from outside circuits 
in so far as this can be done by transpositions. The effect of 
outside circuits in inducing voltages between the telephone 
wires and ground which may be productive of very serious inter- 
ference cannot be remedied by transpositions in the telephone 
circuits, but can frequently be greatly reduced by transpositions 
in the outside circuits. The telephone circuit transpositions 
must be designed to equalize the voltages induced in the two 
sides of each telephone circuit with the greatest possible flexi- 
bility in the location of the transpositions in the outside cir- 
cuits. This imposes great limitations on the typical arrange- 
ments of transpositions which can be used. 

The outside disturbing circuits can be classified as follows: _ 

1. Non-transposed circuits such as telegraph circuits. 
This applies also to the residual components of current and 
- voltage in power circuits. 

2. Two-wire transposed circuits such as single-phase power 
circuits. 

3. Three-phase power circuits. 

In order that the disturbing effect of circuits of the first class 
may be reduced as far as possible, no typical arrangement of 
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telephone transpositions can be used whose type unbalance 
factor to non-transposed circuits exceeds a certain value. This 
eliminates a few of the types having the least numbers of trans- 
positions. 

Two-wire outside circuits can best be transposed in accord- 
ance with some of the typical arrangements for telephone cir- 
cuit transpositions. А balance to these circuits requires then 
that certain types be set aside for their use and that the ex- 
posures between the transposed telephone circuits and the out- 
side circuits transposed in accordance with these types be kept 
below the limiting values set for type unbalance for these cases. 

The inherent complication in balancing the inductive effects 
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between telephone circuits and three-phase power circuits 
arises, as has been noted, from the fact that a three-phase cir- 
cuit has three different arrangements of conductors on the pin 
positions and a two wire telephone circuit has but two. There 
are, therefore, six combinations of relative pin positions of the 
two circuits, all to be used for equal lengths of line. 

In considering the severe restrictions placed on the selection 
of telephone transposition types by the necessity of balancing 
to transposed three-phase power circuits, the following conditions 
may be noted: 


1. If the barrels of the power line are very long, they can be made to 
coordinate with almost all of the typical arrangements by having each 
non-transposed section of power circuit, that is, each third of a barrel, 
equal in length to one-half or one-fourth of the telephone transposition 
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section, for most of the typical arrangements balance within this length. 
This is shown in Fig. 3, assuming 12.8 km. (8 miles) to be the length of 
the telephone transposition section. Thus with a 19.2-km. (12-mile) 
power barrel the telephone circuits may be balanced for each 6.4-km. 
(4-mile) non-transposed length of the power circuit. However, as the 
length of the power barrel is progressively decreased to 9.6 km. (6 miles), 
4.8 km. (3 miles) 2.4 km. (1 14 miles) etc., the number of typical ar- 
rangements of telephone transposition which can be used very rapidly 
decreases. 

2. If the barrels of the power line are very short, they may Ве made to 
coordinate with all the typical arrangements by having a complete barrel 
between telephone transpositions. In the case shown in Fig. 3 this re- 
quires a 0.4-km. (М mile) barrel. As the length of barrel is increased, how- 
ever, to 0.8 km. (% mile) 1.6 km. ог 3.2 km. (1 to 2 miles) etc., the number 
of typical arrangements of telephone transposition which can be used, 
very rapidly decreases. 

3. Barrels in the power line of relative lengths other than those 
mentioned do not in general coordinate with telephone transposition 
arrangements. | 

As a chief requirement of the exposed-line system was that 
it should provide a maximum possible flexibility in the location 
of transpositions in parallel three-phase power circuits, this was 
made a matter of most careful study. The results obtained are 
outlined in the description of the svstem piven in the next 
section of this paper. 

Determination of Limiting Permissible Exposures. Before 
the attempt can be made to select, from among the typical ar- 
rangements of transpositions which can be used, a type for each 
telephone circuit on the lead, a table is made up of the limiting 
type unbalances which can be permitted between pairs of cir- 
cuits, assuming that a given limit of the induced current be- 
tween circuits cannot be exceeded. The procedure is as 
follows: ` 


1. A computation is made of the total amount of unbalance which 
could be permitted between each combination of circuits on thelead, taken 
twoata time. This unbalance is expressed in terms of the length of un- 
transposed exposure between the circuits which would give the limiting 
value of induced current, no current being induced in the rest of the 
circuit. 

2. The total allowable unbalance for each pair of circuits is reduced by 
a figure representing the unbalance which must be expected to arise from 
irregularities with the type of construction to be employed. 

3. The remaining unbalance represents the limiting permissible effect 
of type unbalance in a long length of line. 

4. From data regarding the attenuation of currents along the tele- 
phone circuits, and from the total limiting effect of type unbalance, a com- 
putation is made of the limiting type unbalance per transposition section. 
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This sets a direct limit on the relative exposure type between each pair of 
circuits. 

The Design of a Transposition System. With the information 
regarding the requirements of the proposed transposition system 
prepared as indicated above, the creation of a design which 
shall meet the requirements of maximum economy and efficiency 
is a problem requiring a great deal of skillful and conscientious 
application on the part of a trained expert. The problem is of 
course one of selecting from the typical arrangements which can 
be used the best type for each circuit such that the type unbal- 
ance between no two circuits will exceed the established limit. 

In order that a design may be complete it must provide for 
any number of crossarms on the télephone lead. However, it 
is generally desirable to take into consideration only four cross- 
arms at the beginning of the design. Considering all the cir- 
cuits, phantom and two-wire, which may be placed on the lead, 
taken in combinations of two there are about 2500 such com- 
binations on a standard 40-wire pole line. 

In carrying out the design of the exposed-line transposition 
system it was desired to make the requirements both of efficiency 
and economy as exacting as could possibly be met. These re- 
quirements were set, therefore, at the beginning of the work, so 
high that no design could meet them, and then gradually reduced 
until it was possible to complete the design. As the design de- 
pends on a number of interdependent requirements, this process 
not only requires a very large amount of work but demands the 
continual exercise of trained judgment on the part of the designer 
to bring about the mutual adjustment of requirements so as to 
produce the best final result. 

The process of determining whether or not a design can be 
established to meet a given set of requirements is very technical 
and will not be described here in detail. -It involves а syste- 
matic consideration of all the possible arrangements. These 
possibilities are very great in number—about seven million in the 
case of the E section design—and are, of course, not considered 
individually, but in groups, and successive groups of possibilities 
are rejected when it has been proved that they could not meet 
the requirements. 

The systematic grouping of the possibilities, and the means 
adopted for the examination and elimination of the groups de- 
pends a great deal upon the experience and skill of the designer. 
The general method which has been successfully employed can 
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be roughly described as a consideration of the design in steps. 
First the attempt is made to carry through a preliminary design 
in which pairs of circuits which cannot be exposed to each other 
untransposed for the entire length of the transposition section 
(P exposures) are provided with different typical arrangements 
of transpositions, but in which no other requirements are con- 
sidered. If this design is possible, the other balance limitations 
of the types selected are added, one by one. 

When a design is finally reached it is usually found that any 
one of a considerable number of arrangements will meet the 
balance requirements almost equally well. The most economical 
of these is chosen for use. In determining upon the relative 
economy of different designs, account is taken of the extent to 
which circuits on different pin positions will exist in the tele- 
phone plant and the extent to which it might be possible, in 
retransposing existing lines, to use the present transpositions 
as a part of the transpositions called for in accordance with the 
new system. 


EXPOSED-LINE TRANSPOSITION SYSTEM 


Special Electrical Requirements. Тһе exposed-line trans- 
position system was designed to meet the following special 
electrical requirements: 

1. The greatest practicable flexibility for the arrangement of 
transpositions 1n power circuits paralleling the telephone circuits, 
the power circuit transpositions co-ordinating with those in the 
telephone circuits so as to produce a balance of the inductive 
effects. This requirement to be met for transpositions both in 
three-phase circuits and in single-phase circuits. 

2. A suitable balance against the inductive effects of tele- 
graph circuits or other ground return circuits paralleling the 
telephone circuits. 

3. A degree of freedom from interference between the tele- 
phone circuits (crosstalk) suitable for modern high: grade tele- 
phone circuits used in connection with loading. and with tele- 
phone repeaters. 

General Requirements. In addition to these special require- 
ments, it must meet the following ОЕ for апу satis- 
factory transposition system: | 

1. Neutral Points. The system must be arranged so that 
neutral points, that is, points at which a maximum degree of 
balance is obtained between all circuits on the telephone line are 
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provided where there are discontinuities in line construction or 
in the parallel. In the case of open wire toll lines of the Bell 
telephone system, there must be neutral points at regular inter- 
vals of about 12.8 km. (actually 7.88 miles). In addition there 
must be neutral points wherever there is an important junction 
between telephone lines and at other points of discontinuity. It 
is, therefore, desirable that the system include a design intended 
‚ for a maximum length of 12.8 km. and another design or de- 
signs for shorter maximum distances. 

2. Cost. The completed section must be designed for as 
low a cost as practicable without sacrifice of the electrical re- 
quirements. This means that as far as other conditions of 
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design permit, the typical arrangements having the least numbers 
of transpositions should be placed on the circuits most often used. 
In general, it is desirable that phantom circuits have fewer 
transpositions than two-wire circuits as phantom circuit trans- 
positions are the more expensive. 

3. Transposition Poles. It is desirable that the transposition 
poles be as few 1n number as practicable not only on account of 
expense but because the use of large numbers of transposition 
poles limits the minimum length of a transposition section. The 
use of many poles тау also tend to increase the induction be- 
tween telephone circuits due to irregularities. 

E Section and L Section. As a result of the study, two de- 
signs have been completed which are called respectively the E 
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section and the L section. Diagrams showing transpositions 
according to the E section for crossarms 1 to 8 of a pole line are 
shown in Figs. 4 to 9, inclusive, and according to the L section 
in Figs. 10 to 15, inclusive. It will be noted by examination: 
of the figures that the designs provide for the phantoming of any: 
two horizontally adjacent pairs or of any two vertically ad-: 
jacent pole pairs on the lead. In carrying out the designs pro- 
vision has been made for extension if necessary to any number 
of crossarms. 

The E section is designed for a maximum length of approxi- 
mately 12.8 km. It was found impossible to meet the electrical: 
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requirements for this case with the use of 32 transposition poles 
per section. It was possible, however, to design the E section 
so that in the first four crossarms the non-phantom circuits and 
the phantom circuits which are most commonly uscd require only 
32 transposition poles, so that in some toll lines not exceeding 
four crossarms, the larger number of transposition poles will not 
be necessary. For circuits on crossarms below the fourth and 
for some infrequently used phantomed circuits on the upper 
crossarms, 64 transposition poles are required. 

The E section may be used for as short a length of line as 
supplies the required number of transposition poles. For 
distances less than 6.4 km., however, it is economical to use the 
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754 
L section. It has just half the number of transposition poles 
for the corresponding circuits. 

When two or more L sections are used consecutively in the 
same loading section, junction transpositions should be installed 
at the S poles between them in order to reduce the induction 
between the telephone circuits. These junction transpositions 
are indicated in the drawings for as many as four consecutive 
L sections. 

Use of Eand L Sections on Exposed Lines. The results obtained 
in meeting the special electrical requirements regarding balance 
to the inductive effects of outside circuits are indicated in the 
following table: 


Е Section L Section 


1. Element of section in which 8th Section Quarter-Section 
each circuit is transposed at 
least once, +. е. balances to a 
parallel non-transposed disturbing 


circuit. 


Quarter-section 
points; $.6. nom- 
inal 4.8 km. (3 
mile) barrels can 


8th Section points; 6. e. 
barrels having nominal length 
of 4.8 km. (3 miles) or 9.6 
km. (6 miles) can be used. 


2. Neutral points suitable for 
the location of transpositions in 
paralleling three-phase power cir- 
cuits, separation of approximate 


centers of disturbing and dis- 
turbed groups of wires more than 
6 meters. 


3. Neutral points suitable for 
the location of transpositions in 
paralleling metallic single-phase 
power circuits—separation as de- 
fined above more than 6 meters. 


4. Neutral points suitable for 
the occurrence of discontinuities— 
separation as defined above more 
than six meters. 


9. Neutral Points suitable for 
the location of transpositions in 
disturbing power circuits or the 
occurrence of discontinuities in 
disturbing power or telegraph cir- 
cuits— separation as defined above 
less than 6 meters. 


6. Neutral points suitable for 
the occurrence of discontinuities 
in telephone circuits. 


Five points dividing distance 
between any two 8th-section 
points into six equal parts, all 
five transpositions to be ro- 
tated in the same d'rection; 
ji. e., nominal 0.8 km. (0.0 
mile) barrels can be used also. 


8th-section points. 3 points 
dividing distance between any 
two &th-section points into 
four equal parts. 


8th-section points 


Mid-section point 


S-poies 


be used. 


Quarter-section 
points. 


Quarter-section 
points 


Mid-section 
point 


S-poles 


The results given in the table are further illustrated in Figs. 
16 and 17 which show premissible relative locations of the tele- 
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phone transposition poles and of transpositions and discontin- 
uities in the outside parallel circuits or changes in separation 
between the two classes of circuit. 

It will be noted that the E section can be used to coordinate 
with transpositions in three-phase power circuits which create 
for the maximum length of E section 0.8 km. (% mile), 4.8 km. 
(3 miles) or 9.6 km. (6 miles) in the power circuit. As it was con- 
sidered very important to obtain the maximum practicable de- 
gree of flexibility in this respect, this matter was given very 
thorough study and a large amount of work was required to ar- 
rive at this result. It should be noted, moreover, that in the 
use of a 0.8-km. barrel, two barrels occupying a 1.6-km. section 
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of the transposition system are required to obtain a balanced 
condition. 

In the L section the requirements for the avoidance of ex- 
cessive interference between the telephone circuits are more 
exacting than in the E section because the use of a smaller 
number of transposition poles makes available a correspondingly 
smaller number of typical arrangements of transpositions. It 
was found possible, however, to design this section so that it 
balances to a three-phase power line transposed at the quarter 
section points. 

The exposed-line transposition system has been designed pri- 
marily for use on toll lines and not for use on joint lines with 
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power distribution circuits. It is, however, somewhat better 
for this case than the other transposition svstems in use. 

When large inductive effects are experienced from circuits 
less than 20 ft. (6 m.) away from a side circuit, the variation in 
separation between the telephone circuit and the exposing cir- 
cuits as the side circuits shifts from one pair of pin positions to 
another must be taken into consideration. The E section is 
not designed to give a high degree of balance under this condition 
for all circuits in each eighth-section, but does give balance to 
uniform outside induction effects for most circuits in each 
eighth-section and with one exception, for all circuits in each 
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half-section. Under similar conditions the L section gives a 
balance for most circuits in each quarter section and for all 
circuite in each half section. 

It should be clearly pointed out that in the use of the telephone 
transposition sections to coordinate with transpositions in power 
circuits, it is important that the transpositions in the two lines 
be coordinated both as regards relative length and as regards 
relative location of telephone transposition section and trans- 
positions in the power circuits. The locations of the trans- 
positions in either line must, therefore, be made with reference 
to the requirements of the other. It is frequently the case that 
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the locations of the transpositions in the power circuit are to a 
large degree determined by the changes in separation and other 
characteristics of the parallel. 
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The E and the L section are both designed to give a high de- 
gree of balance of the inductive effects between the telephone 
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circuits. In using them, therefore, it is important that the 
transposition poles be spaced as accurately as practicable in 
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order to avoid diminishing the effectivencss of the system in this 
respect because of irregularities. 

The design work led to a large number of possible arrangements 
of approximately equal electrical efficiency. In choosing from 
these the most economical, account was taken both of the cost 
of transposing when stringing new circuits and' of the cost of 
retransposing to the new system telephone lines now transposed 
according to other arrangements standard with the Bell Tele- 
phone Companies. Although a most careful study was made of 
economy it was necessary because of the special characteristics 
required in this system to allow in the final sections a cost of 
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telephone transpositions 25 to 50 per cent greater than that of 
the section which is standard in the Bell Telephone System for 
use on non-exposed lines. 


CONCLUSION 

The results obtained in the design of the E and L sections 
were possible only through a systematic study of the problem. 
The work directed particularly to the design of these two sections 
occupied about two man-vears! time of the specially trained 
experts who carried out the work. The investigation has been 
so thorough that the conclusion seems warranted that the Е 
section and the L section are substantially the best arrangement 
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of transpositions which could be devised to meet the require- 
ments established for them. 

The work of many members of the engineering department of 
the American Telephone and Telegraph Company has con- 
tributed to the results. The theory of induction between tele- 
phone circuits and the special analytical methods of design have 
been developed in the department during а considerable num- 
ber of vears. Special mention should be made of the work of 
Mr. G. A. Campbell who, vears ago, laid the foundations for 
the theory of induction between telephone circuits, and of 
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Messrs. A. G. Chapman and R. E. Leonard, who perfected the 
methods of systematic search and carried out the design of the 
E and L sections. 


APPENDIX A. INDUCTION BETWEEN PARALLEL WIRES 


1. Two Wires with Ground Return—Short Length of Exposure. 
If the current and voltage in a short element of circuit No. 1 
(Fig. 18) are represented by J and E, the inductive effect which 
this element of circuit No. 1 exercises on parallel circuit No. 2 
can be represented as follows: 

The voltage induced in circuit No. 2 because of current J 1$ 


Г. = —;oIml (1) 
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where w equals 2 т times the frequency, l the length of element of 
circuit considered and M the mutual impedance between the 
circuits per unit length. In the case of a perfectly conducting 
earth surface, M is made up entirely of the mutual inductance 
caused by the linkage of flux from circuit No. 1 with circuit No. 2. 
Whth a perfectly conducting earth surface this mutual inductance 
can be readily computed by the method of images. Under 
actual conditions the mutual inductance is affected by the re- 
sistance of the earth, which increases the linkages between the 
two grounded circuits because it causes the return current from 
circuit No. 1 to distribute more or less widely throughout the 
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чр 


Group 32 Transp. Poles 
Typical "Infrequent" Phantom 58 
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Typical Non-Phantomed № 
Circuits First 4 Arms - 
32 Transposition Poles ee E М 
Joint Telegraph Circuits — 8 16 24 32 40 48 56 S 
` - — Length may vary from minimum distance which will -— — - - —= 
permit of necessary number of transposition poles to 41,600 ft 
Note:--Unless otherwise indicated the separation between the telephone circuits and the 
distributing circuits shown is more than 20 ft. 


Fic. 16—CHARACTERISTICS OF EXPOSED LINE E SECTION — DIAGRAM 
ILLUSTRATES LENGTH, NUMBER OF TRANSMISSION POLES AND PERMISSIBLE 
LOCATIONS OF TRANSPOSITIONS AND DISCONTINUITIES IN EXTRANEOUS 
DISTURBING CIRCUITS 


earth rather than to flow in a current sheet on the earth surface. 
In many cases, also, the fact that the two circuits both use the 
earth return having a finite resistance introduces an appreciable 
resistance term into the mutual impedance. Sometimes this 
term 1s very important. 

The voltage induced in a short section of wire 2 because of the 
voltage between wire 1 and ground is 


См 
C» + Сы 


In this equation Cy and С: аге the direct capacities from wire 
2 to wire 1 and to the ground, respectively; that is, they are the 


е = E (2) 
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capacities measured by the charges on wire 1 and on the earth 
when wire 1 is connected to the earth and unit potential is 
applied between wire 2 and the combination of wire 1 and earth. 

If the short section of wire 2 15 connected to the earth, the 
charging current flowing to ground is 


i = j wl E Сы Р (8) 
That is the induced voltage acts like a generator having а volt- 
age es connected between wire 2 and ground through a condenser 


whose capacity is equal to the total grounded capacity of the 
exposed section of wire 2. This is indicated in Fig. 19. 


Non-Transposed Lighting Non-Joint Telegraph Circuits 
. or Power Circi 


Single Phase Power-] Mile spacing. 
а атата аштан 


3 Phase 
Power-3 Mile Barrel 


Турка! пое ас 
Cucun First 4 Arms 
16 Transposition Poles 

Joint Telegraph Circuits” L L L L 


- — Length may vary from minimum distance which will ——————————* 
permit of necessary number of transposition poles to 20,800 ft. 
Note:-Unless otherwise indicated the separation between the telephone circuits and the 

distributing circuits shown is more than 20 ft 


Fic. 17—CHARACTERISTICS OF ExPoskED LINE: L SECTION— DIAGRAM 
ILLUsTRATES LENGTH, NUMBER OF TRANSPOSITION POLES, AND PER- 
MISSIBLE LocATIONS OF TRANSPOSITIONS AND DISCONTINUITIES IN Ex- 
TRANEOUS DISTURBING CIRCUITS 


2. Small Induced Effects. In cases where the induced 
currents and voltages are small compared with the inducing 
currents and voltages so that their reaction on the inducing cir- 
cuit can be neglected, the magnitude of the induced effects can 
be obtained by solving for the values of current and voltage in 
the disturbing circuit, neglecting the presence of the other 
circuit, and then applying equations similar to those given above 
for each element of the parallel between the two circuits. 

3. A number of Parallel Wires. The computation of induced 
currents is much complicated when there are several disturbing 
wires or several disturbed wires or both. 
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" The computation of the electromagnetic induction may be 
complicated by the reaction between the induced currents in 
different disturbed circuits. In cases where the induced effect 
is small, however, the electromagnetic induction can be com- 
puted for this case as for a single circuit. 

In determining electrostatic induction with a large number 
of parallel circuits, it is evident that it becomes exceedingly 
complicated to compute the direct capacities which are used. It 
is possible to greatly simplify this work in cases in which the 
disturbed and disturbing circuits are separated so that each 
group has little effect on the direct capacities of the other group. 
Under these conditions the direct capacities within the disturb- 
ing circuits сап be computed and from [this computation a 
determination can be made of the charge of electricity on each 
of the disturbing wires taking account of the voltages on all 
wires. From these charges it 15 possible to compute the poten- 
tials between the disturbed wires and ground if isolated in space. 


1 Cm 


I (C,* С) 1 


Fic. 18 Fic. 19 


These potentials may then be assumed to regulate through the 
direct capacities of the disturbed circuits as indicated in the 
above discussion of induction between two parallel wires. In 
computing the flow of current with many disturbed wires the 
effect on one wire of the other wires must, of course, be con- 
sidered. 

This outlines briefly the method which is in use for computing 
the induction between three-phase power circuits and telephone 
circuits. The method sometimes described in the text books is 
incorrect in that it does not take account of the mutual reactions 
between the three conductors of the three-phase circuit which 
materially modifv their resultant electrostatic field. 

4. Long Parallel Circuits. In the case of two long circuits 
which closely parallel each other without means for neutralizing 
inductive effects, the reaction of the induced currents on the 
disturbing circuit cannot be neglected. If the circuits are very 
long there tends to be the same distribution of current and 
potential at the receiving ends of the disturbing and disturbed 
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circuits as there would be if equal voltages were applied to the 
two circuits at the transmitting end. The simplest case of this 
sort is when the two circuits are symmetrical. The equations 
for this case are given in Appendix B. It may be seen that even 
in this case the equations are so complicated that their use in 
practise would be burdensome. Where there are many long 
parallel wires the problem becomes one of utmost complexity. 

5. Parallel Telephone Circuits. In the case of telephone 
circuits many conductors are run very closely parallel for long 
distances. It would seem, then, that the general solution of the 
inductive effect between telephone conductors would be so com- 
plicated as to be hopeless for practical use. 

In attacking this problem, however, we fortunately are not 
interested in the general case. If telephone circuits are suitable 
for commercial service they must be so arranged that the in- 
ductive effects between any two circuits are exceedingly small. 
f + 
MEME M VAS = 

EJ 2 x j Е 3 
3 ше: c 2,9 T 
г h 


Fic. 20 Fic. 21 


This is, therefore, a case in which the reaction of the induced 
currents on the disturbing circuit can be neglected. 

If one considers then a short section of close parallel between 
a disturbing circuit 1-2 carrying a voltage E and current J and a 
disturbed circuit 3-4 as indicated in Fig. 20 the voltage due to 
electromagnetic induction can be expressed as in equation (4) 

e=jwIMl | (4) 

In computing the current flowing at А due to electrostatic induc- 
tion one may represent the direct capacities in the form of a 
Wheatstone bridge as in Fig. 21. In this figure the direct 
capacities a, b, c and d represent the Maxwell capacity coefficients. 
Capacities e, f, g and h represent the sum of the direct capacities 
between the wires, 1, 4, 2 and 3 respectively and all other wires 
and ground. This grouping is permissible because the induced 
effects all being small, the other circuits on the pole line are 
practically at ground potential, and have the same effect on the 
mutual capacity unbalance between the circuits 1, 2 and 3, 4 
as they would if actually connected to earth. 
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The induced current is represented approximately bv equation 
(5) 
a’ d’ — ыс 


ote te +a e 


i=jwE 


a’ = a+ теь = b + <2 etc., s being equal to e +f+g 
4 h. 

When the circuits are transposed so that the electrostatically 
induced current is small it results that in a balanced transposition 
section a’, b', c' and d’ are all very nearly equal. Under these 
conditions the magnitude of the electrostatically induced current 
in one small section of line is represented with a sufficient degree 
of accuracy by equation (6). 

a! — b — c' + d' 
4 

The equations given above indicate the coefficients of induc- 
tion which must be.determined in order to make possible compu- 
tations of the induced currents between telephone circuits. 
The mutual inductance unbalance between any two circuits 
can be computed from the geometrical positions of the con- 
ductors. The mutual capacity unbalance can be computed 
readily from the table of measured values of direct capacity for 
all wires on a 40 wire pole lead. (Table I.) The capacities of 
course vary with the number and to a small extent with the size 
of conductors on the lead. Forty wires is a typical condition 
and has been used as representative. "When desirable, correc- 
tion has been made for the use of wires of larger size. 

The above equations therefore present a thoroughly practical 
method of computing the current induced between short sections 
of two telephone circuits which are well transposed against each 
other. The correctness of the results obtained in this way has 
been checked by experiment. 


í = j o E (6) 


APPENDIX B—THE INDUCTION BETWEEN TWO LONG 
PARALLEL SYMMETRICAL CIRCUITS 


Assume two long symmetrical wires, A and B, as shown in 
Fig. 22, operating with ground return. Assume the linear self 
impedances of the circuits to be 2, and 2: respectively, the linear 
mutual impedance to be M, and the linear direct admittances to 


1918] OSBORNE: TRANSPOSITIONS 769 


ground and linear mutual admittance to be yı’, ye’, and y, 
respectively. 

The differential equations for inductive effect between the two 
circuits are as follows: 


- dv, — do 


d = 1121 + + M d = 1929 + 1, М 
А — di _ Е 
d = y У! 2 Ут Tx = 72 y. 71 Ут 


In the above formulas, y = yi’ + ym, ys = yv! + Ym, and 
M and у„ are both written as positive quantities. | 
For the case of two symmetrical wires let 


21 = 29 = 2 


ур уз = у 
7, А 
" Ym 
7 B 
: bre T 


Fic. 22—INDUCTION BETWEEN Two КЕ GROUNDED CIRCUITS 


Use is made of the following auxiliary equations: 


A -2М M Же ES 


y + y, y — Ym 
= М(2- М) (у t») Yp = V(G + M) (y — Ym) 


Equations are given below for a number of conditions which 
аге of interest. In these equations, vi and 7; represent the voltage 
and current on the disturbing circuit А at any distance x from 
the transmitting end, and v: and 7; represent the voltage and 
current on the disturbed circuit B. 

Case I. Voltage impressed on Circuit A at x = O is E, 

Circuit B connected to earth at x = O through impedance W 

Both circuits infinite in length. 


W(A+4B)+4AB 


v= Е; 


(7) 
(А + 2 W) єх + (4 B + 2 W) e 


п = Ё, W(A+4B)+4AB 
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2 B(A 4-2W) e-^r*— A (2 B + И) Е т 


Р И (А+4В)+4АВ 
(9) 
— (A + 2 W) ever — (4 B + 2 W) e» 
W(A+4B)+4AB 
(10) 


Case II. If the resistance, leakance, and internal reactance 
are negligible and the equivalent height of the wires above 
ground is the same for static and magnetic induction, y, = Yp 
and 


E ша ee 22-222 uM m (11) 


4 B s+ M y + ym 
Then, if W = о, it follows that 
ER LL (12) 


Under these conditions, (y, = y, and W = о) the sending 
end impedance of the disturbing circuit is 


„=V (13) 


y — ys 


This equation shows that under these conditions there is no 
reaction from circuit B at the terminal of circuit A. 

Case III. Ігу, + y M = О (14) 

Then В = A4/4 and it follows that 


Ки a (é Sene ron) 
ig = SE (eres etn) (16) 


that is, at x = O, the induced voltage and current are O. 

If y, 1$ negligible, equation (14) requires that M = O. This 
may be approximated by the use of compensating transformers. 
The above relation suggests, however, that by properly adjusting 
the value of M an approximate neutralization of induced valtage 
might be obtained in some special cases in which the солои 
induction is considerable. 
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Case IV. When W = o,then at x = O, 


y (D — 1) + ym (D + 1) (17) 


"= TY (D F 1) F yn (D= i) 


where 22 = D. 
Y. 
The ratio of this voltage to that computed by equation (12) 
gives an idea of the error involved in the assumption which leads 
to equation (12). 
Case V. Ifat x = О, 


И 
4 ° 
then И = УА В 
апа 
2 УВ – УА 
= Ё. ес 19 
"s ^2 VB + VA 9% 


This impedance, МА B, is 


Мав = Zo =2[1-(“)][i-(2)] а 


Where zo = Vv = the infinite line impedance for a 


(13) single wire. 
Case VI. At a long distance from the origin, 


ЕЁ, ет 


фе E А. (21) 
Also Vv; = #59 = Е, ET e-?t** 1f W = =. (22) 


It will be noted that the voltages on the disturbed and dis- 
turbing wires tend to become equal at a considerable distance 
from the origin, and that the two expressions for v, and v: with 
maximum and with minimum shielding are nearly the same. 


APPENDIX C—TYPE UNBALANCE BETWEEN TRANS- 
POSED TELEPHONE CIRCUITS 


The induction between long transposed telephone circuits ор. . 


the same lead is the vector sum of the induction between all Aras 


SNMP MX... 


- 
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short elements of the circuits, taking into account the attenua- 
tion and phase change of the inducing currents and voltages from 
the transmitting point, and the attenuation and phase change of 
the induced currents in their propagation to the end of the cir- 
cuit from the point at which the inductive effect occurs. 

А simple typical arrangement of transpositions between two 
telephone circuits in a short balanced section is indicated in 
Fig. 23 in which similar telephone circuits P and Q are divided 
into four sections of lengths А, B, C and D by the transpositions 
in the two circuits. The resulting induction between the two 
circuits in this section is the sum of two terms: 


a. Unbalance Due to Irregularity in Length. As thisis a short 
section of line, one may consider as a first approximation that 
the current and voltage in the inducing circuit P are the same 
throughout this section. Currents induced in sections B and D, 


A | B | C | D 
Q SOAM S пенек 5 5 
+ ' = + — 
Fic. 23 


therefore, tend to neutralize currents induced in sections A and 
C, provided the length A + C is equal to the length B + D. 
When this is not the case there is a resultant induced current in 
circuit Q due to irregularities approximately. proportional to the 
resultant unbalanced length A — .В + C — D. 


b. Type Unbalance. If lengths A, B, C and D are all exactly 
equal there will nevertheless be a resultant induced current in 
circuit Q because of the fact that the currents and voltages in 
either circuit P ог Q change іп magnitude and phase as they аге 
propagated along the circuit. 

In this appendix are given equations illustrating the method of 
computing type unbalance. 

If P is a section of a long telephone circuit the current and 
voltage in it can be represented by equations (23) and (24). 


І = Ioe% sin (В1- wt) (23) 


Е = Бе“! sin (8 1 — wt) (24) 
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In these equations а and f are the attenuation constant and the 
phase-change constant of the telephone circuit and of course 
vary with the frequency of the current. 

The induced current in a short element of circuit a distance L 
from the end of the circuit, can be represented as equation (25). 


dX —Kdle-?!sin(B1- wt) (25) 
where K dl 15 the induction between short elements at the end 
of the circuits and 1s computed with the help of equations 4 and 
6 for the electromagnetic and electrostatic components. (Ap- 
pendix A.) This induced current will be propagated on circuit 
Q back to the beginning of the circuit and under the condition 
for transmission without reflection, that is, terminal impedance 
equal to line impedance, will have when it reaches the beginning 
of the circuit, the value given in equation (26) 


d Xo = К41е-2 sin (2 B1— w 0 (26) 


A similar equation can be written for each element of the cir- 
cuit. The induction due to length A is obtained by integrating 
expression (26) for the length between zero and A as shown in 
equation (27) 


A 


Х„= | Kdle-?21 sin (2 81— wt) (27) 


о 
The general expression for this integral is rather complicated. 
In practical telephone circuits, however, the effect of the attenua- 
tion in the short section of'circuit between successive transposi- 
tions is very much less than the effect of the change in phase 
angle. Under these conditions the attenuation can be neg- 
lected for short lengths and the expression (27) reduces to that 
given in equation (28) 


X,= KA 


A 


(28) 


\ 

Similarly, the crosstalk at the end of the circuit due to section 
B of the exposure between the lines can if В is equal in length to 
А be represented as in equation (29). 

sin B A 

BA 


In practical cases the ratio A is practically unity 


Х, =- КА e ?"^ /3 B A (29) 
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and the exponential expression e-??^ js also practically unity. 
Under these conditions the induced current at the end of the 
circuit caused by sections A and B of the parallel can be repre- 
sented approximately as in equation (30). 


Xa = 2 K Asin B A /2 B A—m/2 (30) 


Similarly, the resultant induction in circuit Q from sections 
A, B, Cand D can be represented as in equation (31) 


Xx» =4КАзш ВА соз2 ВА /4 В А-т/2 (31) 


This simple example corresponds to one of the typical arrange- 
ments of transpositions, namely, that denoted by M in Fig. 2. 
A similar equation can be worked out for each typical arrange- 
ment, and numerical values worked out for any given values of 
B and A. 

For much work a sufficiently good approximation can be 
made in the formulas for type unbalance by assuming that 


sinn ВА = п ВА 
csn BA = 1 


The resulting simple formulae give ап easy means of judging 
of the approximate relative effectiveness of different arrange- 
ments. They are given for different typical arrangements under 
the heading Approximate Formulas in Fig. 2. When X repre- 
sents the phase change per mile these formulas represent nu- 
merically the type unbalance for a 12.8 km. (8 mile) section. 
The angles of the type unbalance for different types of the same 
length differ only by 90 deg. or multiples of 90 deg., and these 
differences only are indicated in the approximate formulas. 

The type unbalance varies, of course, with the frequency. In 
the design of telephone transpositions type unbalances are com- 
puted for a frequency found to represent the averagg crosstalk 
effect. 

It remains to point out the relation between resultant un- 
balance due to type for a long length of line and type unbalance 
for one transposition section. Considering current of a single 
frequency, the ratio between these two for N sections 15 


1- е-2%71 
= = n (32) 


where Го is the length of the section. 
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Equation (32) assumes that the wires have the same relative 
pin positions at the beginning of each section If the pin posi- 
tions are the same in alternate sections and the opposite in suc- 
cessive sections formula (32) becomes 

1 — e2N YL 


2 sin B Lo “І- 24 | (33) 


For a large number of sections, and for the attenuations рге- 
vailing on good telephone toll lines equations (32) and (33) be- 
come approximately 


1 


I (34) 
and 

sin В Lo 

ATE ^ (35) 


Actually, results obtained by these simple formulas must be 
corrected for the fact that the telephone current is a compound 
of currents of different frequencies, for which the values of В 
and y are different. In the case of loaded lines a correction can 
be made rather simply. The change in phase angle from one 
loading section to another is large and varies widely for different 
components of the telephone current. Good results are there- 
fore obtained by assuming that the effects of successive sections 
add together by a root-sum-square law. The resulting ratio 
between long line unbalance and type unbalance for a single 


section is 
1 —e—4Nale 
V as (36) 


Since М is large and a Го small, this becomes approximately 


1 
UE id 


APPENDIX D, FORMULAS FOR TYPE UNBALANCE IN 
PHANTOMED CIRCUITS 


Under the heading, Phantom Circuits, in the paper it is pointed 
out that the use of phantoms in telephone line construction 
complicates the computation of type unbalance because each 
transposition of a phantom circuit interchanges the pin positions 
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of its two side circuits and, therefore, changes the coefficients of 
induction between these and other circuits. . 

The equations for computing the resultant induction per sec- 
tion due to type unbalance are given below. These equations 
are given for the case in which a typical arrangement of trans- 
positions is associated with each side circuit of the phantom 
independent of its interchange of pin positions with the other side 
circuit of the phantom. This 1$ the arrangement which has been 
found most suitable for use in the exposed line transposition 
system. Transposition systems can be designed with a typical 
arrangement associated with the wires on a given pair of pin 
positions. With this arrangement, each side circuit of the phan- 
tom is transposed partly in accordance with one typical arrange- 
ment and partly in accordance with another as it changes from 
one pair of pin positions to the other with transpositions of the 
phantom circuit. Under some conditions, this arrangement has 
advantages in the economy of retransposing non-phantomed cir- 
cuits to form phantoms. It is used in the transposition system 
which is standard with the Bell Telephone Companies for non- 
exposed lines. 

The formulas for the resultant induction per section due to 
type unbalance are as follows: 

Suppose two circuits, 1 and 2, to be combined in a phantom R 
and two circuits, 3 and 4, to be combined in a circuit Q. 

Denote by Tı, Т», Тұ, etc., the type unbalances corresponding 
to the typical arrangements of transpositions on circuits 1, 2, R, 
etc. Further, let Кі, Kor, etc. represent the induction рег 
unit untransposed length between circuits 1 and К, between 
circuits 2 and R, etc. 

For Side Circuit to Phantom of Which tt is а Part. 


Хь = ST + D T. (38) 
Ха = STR- D Т» (39) 
еее а А " ж, 
= Aina Кә. 
СЕ 


Тік represents the type unbalance for the typical arrangement 
corresponding to the relative exposure between type 1 and type 
К. 


Г ris similarly defined. 
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For Side Circuit to а Non-phantomed Circuit or a Phantom: 
Other Than its Own. 


X19 = S Tig + D Тізе (40) 
X 29 = S Тә = D Tore (41) 
When S= — Ка 
Pis 2 


The nomenclature is the same as before. 

Tirgo represents the type unbalance corresponding to the rela- 
tive exposure between the arrangement giving unbalance Тік 
and typical arrangement Q. 


For example, if circuit 1 is transposed to Type A 
& R & “ Е 
| « 0 « « І, 
Tirg= Tum L = Tk. = To 
That is, Tirgo is in this case the type factor for arrangement O, 
which is obtained by combining successively types А, F, and L. 
For the Two Side Circutts of a Phantom 


Xi = Kye Г» (42) 
For Side Circuits in Two Different Phantoms 
Хз = S Tis + Da Tii + D, Tig + De Тізко (43) 
Xu = S Ті RE Do Tia — D, Tis = D. Г, ако (44) 
Х = S Tai — Da Тә — Do Та + De Гао (45) 
Ха = S Tos — Da Т + Dy Го — De Го ` (46) 
Where 
ç = Kis + Ku + K + Ka: ` 
4 
р = Kst Ки Ku — Kas 
> 4 
р, = Кз— Кц- Kn + Kz 
pompes e E 
4 
D, = Kis — Ku + Ка Koo 


4 
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In the above equations the nomenclature 1s as before. 

Tisr denotes the type unbalance corresponding to the rela- 
tive exposure between the types giving type unbalances of Ті 
and Trg. 

The D terms in the above equations are generally not negligible 
compared with the S terms. This fact requires that in designing, 
for example, transpositions between side circuits in two different 
phantoms, it is necessary to take account not only of the type 
unbalance of the relative exposure between the two circuits, but 
also of type unbalances formed by building up combinations of 
the typical arrangements of transpositions on the two side cir- 
cuits and on the phantoms of which they form a part. 


To be presented at the 34th Annual Convention of 
the American Institute of Electrical Engineers, 
Atlantic City, N. J., June 27, 1918. 
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ELECTRIC POWER FOR NITROGEN FIXATION 


BY E. KILBURN SCOTT 


ABSTRACT OF PAPER 


Reference is made to propaganda against processes for making 
nitrates from air by those interested in keeping the Allies depend- 
ant on supplies of nitrate from Chili. 

A tabular comparison is made of the operations involved in the 
indirect method and the direct method of fixing nitrogen. The 
indirect method involves the manufacture of carbide of calcium 
and its combination with nitrogen to form calcium cyanimid, 
from which ammonia and in turn nitric acid are obtained. The 
direct method merely consists in combining nitrogen and oxygen 
of the air in the electric arc. 

In the direct method electric energy is the only factor, where- 
as by the indirect much plant of a very diverse and complicated 
character is required. Also there are difficulties in connection 
with the platinum catalyst necessary to convert ammonia into 
nitric acid. It is claimed that the direct method is better be- 
cause of the simplicity of plant and of operation, and the possi- 
bility of working with off peak power. The suggestion is made 
that a number of plants for making nitrates by the direct arc 
process should be erected at existing power houses. Keeping the 
generating plant more fully ее. would improve the power 
factor and reduce costs. 

By making nitrate in a number of centers the transportation 
of same to the explosive factories would be reduced and the 
risk of interruption of supplies in case of accident or sabotage 
would be less than in having a few very large factories. 

А diagram 15 given showing the layout of a battery of by- 
product coke ovens with an electric power house worked by the 
surplus gas and a nitrate from air plant to use the electricity. 
Figures are given showing that the nitric acid made by such a 
plant is about the nght amount to combine with the ammonia 
to form ammonium nitrate, a compound in great demand at the 
present time for explosives. 


NE of the most powerful combinations in the world is that 

connected with the exploitation of Chile Nitrates, and to 
extend the uses of that material and regulate prices, etc., there 
is а Chile Nitrate Committee supported by the various interests 
concerned. 

It was created for propaganda work amongst farmers and 
others, to facilitate the use of nitrate as a fertilizer but since the 
advent of air nitrates some attention has been given to discredit- 
ing the methods of fixing nitrogen from air. This has been 
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done partly by paragraphs in the press throwing doubt on the 
financial and technical success of such methods, etc. German 
influence, working through political clubs and the press, also 
assisted the Chile nitrate propaganda while at the same time 
German scientists were being assisted in every possible way 
to develop air nitrate processes in their own country. 

Years before the war, some of us saw that the question of 
supplies of Chile nitrate for the manufacture of explosives would 
be an important factor, and in 1911, at the Portsmouth meeting 
of the British Association, and later at a meeting of the Society 
of Arts in London, I sounded a note of warning. 

To show how differently the Germans tackle these matters, 
I may say that when the war started, the German govern- 
ment appointed an electrical engineer, head of the Allgemeine 
Elektricitàts Gesellschaft, to expedite the manufacture of 
explosives. | 

On the other hand when the British government started its 
explosives department a lawver politician was put in charge, and 
even afterwards, when a Minister of Munitions was appointed 
he also was a lawyer politician and had as second in command, 
a doctor of medicine. 

The appointment of politico-legal persons to positions con- 
cerned with scientific and engineering matters, has been favor- 
able to Chile nitrate and to German propaganda, in that it re- 
tarded developments that would have assisted to make the 
Allies independent of Chilean supplies. 

Even after three and a half years of war, the Allies still re- 
main practically dependent for explosives on supplies which have 
to be brought thousands of miles. "This requires much shipping 
that might ke used for other purposes and also occupies the 
attention of part of the Navy, in order to keep open the sea 
routes. 

It is to their credit that certain scientists and engineers of this 
country not only saw the danger, but insisted on the authorities 
taking action by providing money to establish plants for the 
manufacture of nitrates. 

At the same time, in.this country as well as in England, there 
has been time lost, owing to certain parties maneuvering to ob- 
tain the adoption of their own process to the exclusion of others. 
In so large a field as nitrogen fixation there must necessarily 
arise numerous improvements 1n the various processes so that it 
15 not possible today for anyone to gage or forecast their future 
relative economic values. 
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This 1s particularly the case with processes in which electrical 
energy plays a leading part for it is a sort of ingrained habit 
of the electrical engineer to simplify and revolutionize existing 
methods that they eventually become essentially electrical. 
The whole history of electrical progress, and especially of electro- 
chemistry and metallurgy establishes that fact. 

I consider that boards or committees dealing with nitrate 
problems should be largely made up of engineers who have ex- 
pert first hand knowledge of electric power conditions and of 
apparatus, etc. Chemists, pure and simple are, useful but 
they should not have power to pass upon processes in a field 
which electrical engineering 1s capturing so completely as the 
production of nitrates. 

In certain quarters there has been too great a readiness to 
listen to the tittle tattle of propaganda such as hinted of above. 

I feel that the merits of the arc flame process for making nitric 
acid have not been adequately and sympathetically considered, 
and this paper is written with the special object of stating them. 
I wish also to remove the misconception that the arc flame pro- 
cess 1s dependent on water power and that it can only be in- 
stalled economically on a very large scale. The matter is one 
of speciai interest to electrical engineers because the process is 
essentially an electrical one. 


METHOD OF MAKING Nitric ACID 


One method of producing nitric acid from air which I call the 
indirect method 1s first to make carbide of calcium, then treat it 
with nitrogen to form calcium cyanamid, from which ammonia 
and in turn nitric acid are obtained. | 

Another method is the direct which, consists in combining 
nitrogen and oxygen of the air directly in the electric arc to 
form nitric acid. 

Those interested in the indirect method have drawn compari- 
sons between it and the direct electric arc process, with the ob- 
ject of showing that the indirect is the better. А tabular com- 
parison of the operations involved in the two processes should . 
thus prove of interest, since itis the only way in which a fair 
comparison can be made. 

It 15 frequently stated that the amount of electric energy re- 
quired for a given quantity of nitric acid produced bv the indirect 
process, is less than that required by the direct, and this is put 
forward as a strong argument in favor of the indirect method. The 
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only way to compare two operations is to take into account all 
the factors which go to make up the total cost, and агар 
each one at its proper value. 


INDIRECT 


METHOD’ Em- 


ploying Calcium  Cyana- 
mid to Make Ammonia and 
Oxidising the Ammonia to 


Factories 


қа CORD M 


Operations 


15. 


16. 


. Making calcium 


. Grinding 


. Emptying 


Acid by a Catalyst 


. To make calcium car- 


bide. 


. To make cyanamid. 
. To make nitric acid. 


. Burning limestone. 


Grinding lime. 


. Grinding coke or an- 


thracite. 


. Mixing lime and car- 


bon in correct propor- 
tions. 

car- 
bide in electric fur- 
naces. 

carbide to 
fine powder in neutral 
atmospheres. 


. Making liquid air to 


produce nitrogen. 


. Packing calcium саг- 


bide into retorts. 
Making calcium cyan- 

amid by adding 

nitrogen and by use of 

electric resistors. 
cyanamid 
from retorts. 


. Grinding cyanamid to 


a fine powder. 


. Hydrating  cyanamid 
to rid it of carbide. 

. Making superheated 
steam. 


. Treatment of cyana- 


mid with steam in 
autoclaves to produce 
ammonia. 


Oxidation of ammonia 
to produce weak nit- 
rous gases by means of 
a catalyst. 

Absorption of gases in 
towers to produce 
acid. 


Пікест MEeTHOD Em- 
ploying the Arc Flame 
Furnace Only 


1. To make nitric acid. 


1. Blowing air through 
electric arc flame to 
produce nitrous gases. 


2. Absorption of gases in 
towers to produce acid. 
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INDIRECT METHOD DiRECT METHOD 
Lime. 1 
Coke. 

. Carbon electrodes in 
carbide furnaces. 

Carbon resistors in cy- 
anamid retorts. 

Pure nitrogen. 

. Superheated steam. 

Air. 

Water. 

Carbide furnaces. 1. Arc flame furnaces. 

Grinding carbide. 

Cyanamid retorts. 

Grinding cyanamid. 

Heating catalyst. 

Motors for power, etc., 
including several 
cranes. 

1. Carbide furnaces 

2. Cyanamid retorts. 

3. Packing cyanamid. 

4. Grinding machinery. 

5. Making pure nitrogen. 

6 

7 

8 


Raw Materials ir. 
Metal electrodes. 
Water. 


сай ый ЖЫ 


Electric Energy for 


BOVE goto OO Feb л me ©з; 


Skilled Labor for . Arc flame furnace. 


. Absorption plant. 


t3 ma 


. Making ammonia. 
. Catalytic process. 
. Absorption plant. 


If two processes are to be compared as regards one factor 
only, then it may with equal justice be claimed that the electric 
energy represented by a few motors and lights required for a’ 
plant making acid from sodium nitrate, 1s less than the electric 
energv required by all other processes for making acid. Such а 
statement does not prove anything, and yet it 15 similar to the 
one put forward by the advocates of the indirect process. 

Obviously the cost of plant using the indirect method, will be 
very much greater than that іп the case of the direct, for if we as- 
sume that the cost of a carbide furnace and its accessories is 
about the same as that of an air nitrate furnace with its ac- 
cessories, then, the indirect process embraces 1n addition: 

1. A complete plant for making cyanamid. 

2. A liquid air plant for making pure nitrogen. 

3. Powerful machinery for grinding the carbide and the 

cvanamid. 

4. Steam boilers and autoclaves for making ammonia. 

9. А complete catalytic plant for oxidizing the ammonia to 

nitric acid. 

In the indirect method it is essential to have all the materials, 
gases, etc., absolutely pure, for example at the cyanamid works 
at Odda in Norway it was necessary to carry a pipe up the 
mountain side so as to ensure a supply of pure air to the liquid 
air plant. 
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When carbide is converted into cyanamid some of the formre 
remains unchanged and in order to obviate danger of explosion 
a special treatment of the mixture is necessary to ensure a total 
decomposition of the remaining carbide. 

Platinum is usually employed and in order to “reactivate” it, 
it is necessary to subject it to an acid treatment and eventually 
to remelt, 1n which process 1t 1s impossible to avoid loss of this 
expensive metal. 

Russia is almost the sole source of platinum, and whilst our 
Ally, could be depended upon. Today with Germany practically 
controlling that country, the position is serious. The various 
allied Governments have had to commandeer platinum as it is 
essential for several war purposes. With utmost deliberation and 
foresight the Germans are working to control the worlds store- 
house of platinum in the Ural Mountains and any processes 
which depend upon this rare metal are going to be very seriously 
handicapped. I consider that those who have had a hand in 
starting new processes dependent on platinum are very blame- 
worthy. Politicians cannot be expected to know these things 
but those who do know should inform them. 

By the direct method the cost of air is nil, and the cost of water 
15 practically that of pumping. On the other hand, the materials 
required in the indirect method are very expensive and especially 
difficult to obtain at the present time. Over three fourths of 
the cost of working the indirect process 15 represented 1n materials 
liable to price fluctuation. These are now much higher than 
before the war, and will remain at the higher level after the war. 

In the direct method less than one-fifth of the total cost is 
represented in materials dependent on market rates, and the 
principal item of cost, namely electric power, will, if anything, 
tend to come down in price. - 

The direct method is very simple to operate, whilst the in- 
direct requires much skilled and unskilled labor, and some of 
the operations are dangerous to health. Therefore, the more 
labor demands increase, the more will the indirect method be 
handicapped in this respect. There are many separate links 
involving exact operating, to make the whole run smoothly and 
the slightest hitch in connection with any one link necessarily 
holds up the whole system. i 

The manufacture of cyanamid has to be carried out in retorts 
of relatively small size involving much labor to set up, ete. This 
is to enable the nitrogen gas to penetrate to all parts of the con- 
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tained carbide. The times of the reaction and the cooling 
down, etc., are definitely fixed and it is quite impossible to work 
the process with off-peak power; also should there be an acci- 
dent or failure of current for a time there is every chance of 
ruining both the cyanamid retorts and the carbide furnaces. 

All nitrate processes have a military bearing as regards pre- 
paredness, in which is involved the question of transportation. 
The heavy and bulky raw materials necessary for the indirect 
process places it at a serious disadvantage from this point of 
view. Especially at the present time when the railways are so 
congested; with the direct process there is no carriage of raw 
materials. 

The indirect process has been strongly advocated in that 
after the war, cyanamid will be much used as a fertilizer. On 
the other hand a large number of objections have been voiced 
against such use, as witness the following extract from a book 
by Dr. Brion: ‘“‘Cyanamid cannot be used with a large number 
of soils such as very sandy or moor soils, or with such soils as 
tend to become acid. Further it cannot be used for growing 
tobacco nor for some kinds of fodder. It is useless as a top 
dressing and can be applied only in dry weather when it must be 
plowed in at once. Cyanamid attacks the eyes of men handling 
it." 

Whilst some of these objections may have been overcome by 
making the cyanamid granular and probably also some of them 
are over-emphasized, it still remains true that cyanamid is by no 
means as good a fertilizer as nitrate. 

The effect of the calcium in calcium cyanamid in the presence 
‘of moisture is to cause the reversion of phosphoric acid and there- 
fore it can only be used in limited quantities in a combined 
fertilizer. | 

In a legal action in the State of Maine between the Armour 
Fertilizer works and Ellis Logan, in April, 1916, there was 
sworn testimony that calcium cyanamid destroyed a crop of 
potatoes and that not more than 60 to 70 lb. of it should be 
used per ton of fertilizer. I believe that is only one specific 
instance of the general situation. 


` ELECTRIC POWER 


As a basic load for a power house the direct arc process presents 
the advantage that it can be established anywhere, because the 
raw materials being only air and water, considerations of trans- 
portation do not enter into the situation. 
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It 18 particularly suitable for off-peak or off-season loads, for 
there is no fused material to solidify, and little to deteriorate in 
case of stoppage. Some of the furnaces can be switched on and 
off like an arc lamp, without detriment to brickwork or structural 
details, or to the process of manufacture. 

As there seems to be some doubt as to the possibility of running 
arc furnaces’ intermittently on a commercial scale, I would 
mention that about seven years ago a nitric acid factory was built 
at Legnano, Italy to utilize 10,000 horse power, especially. dur- 
ing the night (see Utilization of Atmospheric Nitrogen by T. H. 
Norton p. 68). Of course this plant has been considerably ex- 
tended especially since the war. I am also credibly informed 
that in Germany there is a very large arc process plant working 
with off-peak power. At any rate there is no difficulty in doing 
it, whereas it is impossible to work intermittently with any other 
method of fixing atmospheric introgen. 

In some ways, it is an advantage to run a plant for 8000 or 
less hours per year, instead of the full number, because the 
spare time can be conveniently used for renewals and repairs, 
Less spare plant is thus required and the plant can be operated 
by two shifts of men. 

Because the plants in Norway are very large and only use 
hydroelectric power, a mythology has grown up, that the arc 
flame process can only be worked commercially on a very large 
scale, and with water power. Аза matter of fact it is well worth 
while to build plants of 10,000 kw. 

As a matter of fact hydroelectric power may be a disadvantage 
because of its distance from industrial centers, for either the 
factory has to be placed in an out of the way position, or else 
the power has to be transmitted over a long transmission line. 
I am of the opinion that electrochemical factories should be 
placed near the power supply, and the ideal position 1s alongside 
the power house especially if off-peak power is used. 

In a national emergency it is surely better to bring into im- 
mediate use all the surplus equipment that already exists, than 
to start building new power houses, whether hydraulic or steam, 
and seeing that the direct-arc flame process is suitable for work- 
ing with off-peak power, I suggest that a number of nitrate 
plants be forthwith erected at existing power houses. 

By erecting say, ten or more nitrate plants of say 10,000 kw. 
each at power houses in places near where nitrates are required 
there would be considerable saving in transportation; early de- 
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liveries of nitrate could be made. Further there would be less 
risk of temporary interruption of supplies in case of accident or 
sabotage. 

As a matter of fact there are power houses which could easily 
spare more than 10,000 kw. for over 20 hours a day and through 
the week end. Also there are power houses fully equipped with 
steam plant which are now standing idle. In the present crisis 
they might just as well be brought into use even if the cost of 
generation is high. 

In some power houses the load factor might be doubled and 
this would have the immediate effect of reducing costs but there 
has been far too much shilly shallying consideration given to 
questions of cost. With U-boats on the high seas trying to stop 
supplies of Chile nitrate, the railways congested with traffic and 
electrical engineering works making ammunitions, what is the 
use of discussing power costs. The thing to do is to jump in and 
make full use of plants already installed. 

Recently much has been heard of the suitability of Muscles 
Shoals, Alabama. as a site for the manufacture of nitrates be- 
cause of the water power which is being developed there, but it 
will take at least four years to complete these hydraulic works. 
Im the meantime a large steam power house is being built in 
order that the cynamid process may be put in to early operation 
This includes a 60,000-kw. turbo generator and should any- 
thing happen to it the nitrate plant would be stopped as the : 
various steps of the indirect cyanamid process are so inter- 
locked. | 

Viewed from this standpoint it would seem to be better in 
every way to have the manufacture of indispensable materials 
for explosives manufactured in a number of smaller plants, in 
widespread centers and by other processes than the indirect. 


CoKE OVEN AND NITRATE PLANTS 


At the present time ammonium nitrate is required in very 
large quantities for burster charges for shells, torpedoes, mines 
grenades, etc. This is made from two components, viz., nitric 
acid and ammonia, both of which are difficult to transport, the 
first because it is a corrosive acid and the second because in 
every ton of aqua ammonia there are about 23 tons of water. 
An industrial process capable of furnishing electric energy as 
well as a supply of ammonia would be ideal, and it so happens 
that this is the case with a regenerative coke oven plant. Half 
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the total gas made is available and this can be easily turned into 
electric energy whilst at the same time the nitrogen contained in 
the coal provides about the right amount of ammonia necessary 
to combine with the nitric-acid made from the electric energy 
by the arc flame process. 

In order to show how ideal such a system is for making am- 
monia nitrate, I have prepared the diagram Fig. 1. 
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DIAGRAM LAYOUT OF NITRATE FROM AIR PLANT WiTH ELECTRIC 
Power Horse USING COKE OVEN Gas 


The scheme provides for a combination of a battery of coke 
ovens with an ammonia recovery plant together with an electric 
power house 1n order to utilize the surplus gas. Alongside the 
power house, there is an electrochemical plant for the manu- 
facture of nitric acid from air by utilizing the three-phase high- 
tension current. А nitrate house is provided for the purpose 
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of combining the ammonia from the coke ovens with the nitric 
acid from the elctrochemical plant. 

It happens that the by-product of the acid factory 1з sodium 
nitrate-nitrite, which is made by combining the gases remaining 
from the acid towers with caustic soda or soda ash. Electro- 
lytic cells may be laid down as shown in the diagram for purpose 
of making caustic alkali from brine. 

It will thus be seen that the complete project requires only 
two raw materials viz., coal and brine, and on the other hand, 
the products which can be made are coke and ammonium 
nitrate together with toluol, benzol, naptha, tar and sodium 
nitrate-nitrite. 

If electrolytic cells are used there are also the products chlorine 
and bleaching powder. The chlorine can be combined with the 
benzol to form chloro-benzol which is an important inter. 
mediate in the manufacture of dye-stuffs as well as in the manu- 
facture of picric acid. 

From the point of view of efficient management, and of 
elimination of transportation charges, the combination is unique, 
for the ammonia has only to be piped,a few yards to the nitrate 
house and there is no carriage of acid. 

As a cheap supply of coal is indispensable for the project, it 
would be well to locate the plants at industrial centers where 
this raw material is readily available and which in all probability 
would be locations where transportation charges are low. 

In order to show what can be done with a coke oven plant 
the following particulars will be of interest. I take a Koppers 
type of oven as being the best known. 


Tons Hours 
Quality of Coal per charge coking time 
Low volatile coal .............. 13% 18 
Mixture containing 80 рег cent 
high volatile 20 per cent low 
Volat leeri иик ПРИ 1215 16% 
High volatile соаі............... 11% 15 


А battery of ovens varies in size but we may as well take a 
round number of 100 for which the average yields are as follows: 


Number of ovens........................... 100 

Tons of coal per оуеп....................... 123 

Hours coking time......................... 16 

Total yield of соКе.......................... 72 per cent 


Yield small coal and breeze.................. 5 per cent 
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Net yield good coke.............. Use E Eus 67 per cent 
Ammonium sulphate per ton of coal........ '.. 25 Ib. 
Reckoned as ammonia per ton of coal........ 614 1b. 

Tar per ton of coal........................ 9 gal. 

Light oil per ton of соа1..................... 3 gal. 

Total gas per ton, of coal................ 11,000 cu. ft. 
British thermal units....................... 550 per cu. ft. 
DUT PIS CaS сз ce AE ы ире E ROS UU SS 55 per cent 
Surplus gas per ton of coal.................. 6,000 cu. ft. 


Such a battery of ovens, each of which distils 123 tons of 
coal in 16 hours, will deal with 


100 x 12.5 X 24 
16 


Assuming 6000 cu. ft. of surplus gas per ton of coal and 550 
B.t.u. per cu. ft. the total heat value per hour will be · 


1900 x 6000 x 550 
24 


If employed in gas engines using 13,000 B.t.u. per h.p-hr. 
the power will be 


260,000,000 
13,000 


If steam boilers and turbines are used instead of gas engines 
the power will be less so to be on the safe side, we will take the 
round figure of 10,000 kw. 

We will also assume that electric furnaces utilizing 10,000 kw. 
for a whole year, can produce 6,300 tons of 100 per cent acid. 
Nitric acid capable of furnishing theoretically 8000 tons of am- 
monium nitrate as indicated below:— 

NH; + HNO; = NHNO; 
Molecular weights 17 63 80 
In short tons 1700 6300 8000 

Allowing 25 lbs. of sulphate of ammonia ог 65 lb. of ammonia 
per ton of coal, a total consumption of 1900 tons of coal per dav 
should give. 


1900 X 365 X 6.5 
20,000 


It will thus be seen that there is plentv of ammonia to combine 
with the acid made by the surplus gas, even if a higher yield of 
acid is allowed per kw-yr. and more power is generated. 

I purposely leave out of discussion, questions as to types of 


= 1,900 tons per day 


= 260,000,000 B.t.u. 


= 20,000 h. p., or say, 14,000 kw. 


= 2250 tons per annum 
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nitrogen fixation furnaces and of yields obtained. I may say, 
however, that it .s not right to assume that yields are limited 
to those usually obtained from certain well known furnaces 
which must of necessity work with single-phase current. 

The amount of ammonium nitrate will be less than the 
theoretical figure because the efficiency of the reaction is not 
100 per cent, also it is usual to convert a certain amount of the 
gas into sodium nitrate-nitrite. A safe figure would be 7000 
tons and at this rate it can be shown that with electric energy 
at 5 mils per kw-hr. and ammonia at 13 cents a pound, the am- 
monium nitrate can be made at less than half the price the 
Government is now paying. 

In order to show how large a business the nitrogen industry 
has become, the following figures (compiled by Dr. Paul J. Fox) 
give the nitrogen balance sheet for the United States for 1917. 


IMPORTED SUPPLIES 


Tons Tons 
of 2,000 lb. of Nitrogen 

Chile Saltpetre 95 per cent МаМО:. 1,742,540 272,880 

Ordinary saltpetre, potassium, nitrate 4,609 645 
Ordinary saltpetre and gunpowder 

containing 75 per cent KNO;.. 1,500 210 

Ammonium sulphate.............. 8,135 1,725 

Ammonium chloride.............. 1,073 280 

DOMESTIC SUPPLIES 

Coke oven ammonia—NH;a........ 113,760 98,625 

Gas works ammonia—NH3........ 12,500 10,288 
Calcium cyanamid at 20 per cent 

ІТОБЕПйгым 42250152254 24 12,800 10,534 

NITROGEN EXPORTED 
Tons Tons 
of 2,000 lbs. of Nitrogen 

Nitric Acid, 15 per cent Nitrogen... 486 73 

Picric Acid, 18 per cent Nitrogen... 26,610 4,790 

Dynamite, 12 per cent nitrogen .... 8,962 1,255 
Gunpowder and smokeless powder, 

13 per cent nitrogen............ 223,270 29,025 

Ordinary saltpetre................ 875 123 


In addition to the above, there are also about 8800 tons rep- 
resented nitrogen in the following items which are the figures 
for 1917. 


Value 
Loaded cartridges........................ $42,000,000 
Ia EQUIS TUTTI ee row eas 34,000,000 
Shells and projectiles...................... 74,000,000 
All Othe te sooo acca bk Маса eX deste 202,000,000 


Total 253,000,000 
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It will be noticed that ammonium nitrate is not included in 
these figures, but I assume it would be about 50,000 tons for 
1917. 

In Great Britain the consumption of ammoniun nitrate is 
now probably 400,000 tons a year, and the production here will 
have to be at least as much. То make this, the theoretical 
proportion of ammonia required is about 85,000 tons and of 
nitric acid about 315,000 tons. 

It will thus be seen that the coke oven plants in the country 
could supply all the ammonium nitrate required if they were 
put onto the job. 

Until recently most coke oven ammonia was converted into 
sulphate, but owing to the war demand for nitrate, more and 
more of it is being made into aqua-ammonia of about 29 per cent 
strength. In some cases this 15 being transported many 
hundreds of miles prior to conversion into ammonium nitrate 
and since each ton of ammonia necessitates the transportation 
of about 23 tons of water, the bearing of this, on the present 
railway congestion is at once apparent. Tank cars have to be 
used and they must return empty, so the freight on the actual 
ammonia carried is extremely high. 

There are many coke ovens of the wasteful bee-hive type in 
operation, which do not recover by-products and the replace- 
ment of these by modern coke-ovens would be a great immediate 
economic gain and meet the war conditions better than the build- 
ing of large dams for water power. 

In the present emergency coke ovens are of great value be- 
cause they give coke for making steel, gas for power purposes, 
ammonia for nitrate manufacture, and toluol and benzol for 
explosives. 

After the war ammonium nitrate will be in demand for 
fertilizer as well as for safety explosives and other purposes. 
The high percentage of nitrogen which it contains viz., 35 per 
cent and the ease with which it can be converted into other 
compounds makes it especially useful for conveying nitrogen in 
the fixed form over considerable distances. 

It is more profitable to make nitrate than sulphate, because, 
pound for pound, the nitrate contains nearly twice as much 
fixed nitrogen and the nitrogen commands a higher price per 
unit when in the form of ammonium nitrate. 
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SPLIT-CONDUCTOR CABLE—BALANCED PROTECTION 


BY W. H. COLE 


ABSTRACT OF PAPER 


Primarily, this paper is intended to be a brief history of the 
principal experiences of the Edison Electric Illuminating 
Company of Boston in the design and application of selective 
balanced-protection schemes to parallel connected trans- 
mission conductors. 

Split-conductor cables are discussed at considerable length, both 
as to design and operation. Paired ordinary conductors also are 
discussed, and their relation to so-called split-conductors 
pointed out. 

Special apparatus and devices required in connection with 
current-balancing schemes are illustrated and discussed. 

À partial nomenclature is proposed, to assist in clearing the 
way for intelligent discussion and a uniform understanding 
of the general subject of current-balance protection for paired 
conductors. 

А schedule of installations in the Boston system 15 given in 
order that the extent of the work described may be visualized, 
supplemented by a description of the results obtained in actual 
Operation. 

No general conclusions are drawn since the paper is cf the 
nature of a report on progress; specific conclusions are drawn, 
however, in a number of cases where the evidence or experience 
appears to be reasonably conclusive. 

A mathematical discussion of a number of reactive end-im- 
pedance devices, by Professor C. А. Adams, is appended. 


T IS not the intention to offer this paper as a complete treatise 
on the general subject of balanced protection for lines and 
apparatus. It seems advisable to deal as briefly as possible 
with some of the experiences of the Edison Electric Illuminating 
Company of Boston in its pioneer work. Only such detailed des- 
cription and discussion as appears necessary to explain the 
scope of the work, will be attempted. Such a recital may be 
of general interest, and of some value to transmission engi- 
neers. It is submitted with the hope that a general discussion 
will follow, disclosing experiences of other engineers along 
related lines. 

Some years ago our engineers became convinced that line 
protection devices, which function with respect to time, to value 
of current, or to direction of power flow, were, in an extensive 
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and rapidly growing transmission network, exceedingly diffi- 
cult, and frequently impossible to adjust and maintain in such 
a relation one to another, as to provide for the automatic dis- 
connection of any faulty element, without simultaneously per- 
mitting the disconnection or shutdown of elements not them- 
selves involved in the fault. 

Following this recognition of the inadequacy of such pro- 
tective gear, careful investigation was made of fault discrimi- 
nating systems then in use abroad. As a result our company 
determined to make use of one or more methods based on the 
current balance principle. Up to that time the input-output 
method commonly known abroad as the Merz-Price system, 
seemed to be the most popular, although the older idea of bal- 
ancing conductors in pairs also had seen some application. 

Our company at first gave serious consideration to the input- 
output method, as it appeared to have enjoyed a considerable 
degree of success. Before we were prepared to install this scheme 
in connection with transmission cables, however, attention 
was directed to a reassembly of the older proposition of balanced 
pairs, which consisted of an arrangement of paired conductors 
in the form of a special cable. Since the pairs were to operate 
parallel connected at each end, and therefore with substantially 
no potential between the members of a pair, the amount of in- 
sulation between them could be comparatively light, and, con- 
sequently, one belt of primary insulation only, was required 
for each two paired conductors. This resulted in a cheaper 
and more compact transmission unit, for a given capacity, than 
two separate or independent primary insulated conductors, 
of equivalent capacity. It also appeared to be a less costly 
proposition than the “input-output”? scheme, especially when 
the cost of duct space for the necessary pilot cables was con- 
sidered. 

Weighing the advantages of the two methods, led to a decision 
to make one or more installations of the special form of paired- 
conductor cable. This type of cable has now become quite 
well known as the ''split-conductor" type. This name may 
not be the most expressive, since the arrangement 1s obviouslv 
not so much the splitting of conductors, as it 1s the assembly 
in an economical manner, of two separate conductors to be 
operated as paired conductors in а balanced protection 
scheme. It mav be, however, desirable to perpetuate it when 
referring to any arrangement of paired conductors assembled 
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and operated with a common primary dielectric. The nomen- 
clature used herein is, therefore, based on an assumed division 
or splitting of conductors into an equivalent arrangement. 
While paired conductors have been arranged or proposed 
in forms other than the “concentric twin," Fig. 1 and Fig. 2, 
such as the so-called “D twin," Fig. 3, and the “sector twin” 
Fig. 4, no form other than the “concentric twin” will be speci- 


fically considered herein, since this form, at least up to the present 
moment, seems to embody more desirable features than any 
other. 

As a matter of historical interest, it may with propriety be 
stated here, that the generic type of balanced protection here- 
inafter discussed, had its birth about 17 years ago, when it was 
suggested by Mr. E. M. Hewlett of Schenectady, N. Y. A form 
of balanced protection for paired conductors also was proposed 


796 COLE: SPLIT-CONDUCTOR CABLES [June 26 


by Mr. Leonard Andrews of Hastings, England, in 1902, embody- 
ing the first use of the differential reactor hereinafter described. 
Balanced protection schemes are, therefore, relatively old sugges- 
tions. 

In order that the nomenclature used in this paper may be 
clear in meaning, it seems advisable to define some of the terms 
particularly applicable to ''split-conductor'' cable, and to balanced 
protection, as follows: 


1. Split-Conductor refers ќо a conductor divided into two strands 
separated from one another by comparatively thin insulation, the strands 
assembled in various shapes and surrounded by insulation commensurate 
with the operating voltage of the system in which it is to operate. 

2. Conductor Member refers to one of the conducting strands of a 
split-conductor. 

3. Primary Dielectric refers to the dielectric surrounding an assembled 
. group of conductor members, also to the dielectric surrounding an as- 
sembly of split-conductors. 

4. Secondary Dielectric refers to the dielectr c between the conductor 
members. It is also somet mes called ‘‘split-insulation.” 

5. Impedance Differential refers to the degree of unba'ance between 
the impedances of the current paths of a :plit-conductor line. It is 
usually expressed as the percentage, which the difference between the 
impedances, bears to the impedance of one of the paths. 

6. Resistance Differential refers to the degree of unbalance between 
the resistances of the members of an indiv dual cable section. It is 
usually expressed as the percentage, which the difference between thc 
res stances, bears to the resistance of one of the members. 

7. Normal Differential Current refers to the vector differential current 
in an unfaulted split-conductor line. It is a direct measure of the ‘‘Im- 
pedance Differential." Its value is directly proportional to the total 
current and, therefore, reaches its maximum when a through short- 
. circuit occurs. 

8. Tripping Differential. Current refers to the minimum value of dif- 
ferential current to which the relays are responsive. 

9. Through Short-Circuit refers to a short-c rcuit, current to which is 
fed through any line under consideration. Such current flow is usually 
termed “through short-circuit current.” 

10. Balancing or Differential Transformer refers to the transformer 
devices used for comparing the currents in the conductor members, 
whereby a current proportional to the vector differential current is 
derived and circulated through the relay circuit. | 

11. End-Impedance or End-Reactor refers to an impedance device used 
to insure the creation of tripping differential current at either end of a 
faulted line, when the fault is at or near the opposite end of the line. 

12. Split-Con act Switch refers to a special form of switch or breaker 
having three fixed contacts per pole. "These contacts are bridged by a 
three point yoke or blade. Two of the contacts are the term ni of the 
two members of a split-conductor. The normal closing movement of 
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the yoke or blade is such that the two conductor-member contacts are 
connected tcgether, prior to their connection through to the bus. The 
switching sequence is exactly the reverse when disconnecting the line 
from the bus. The special function of the two conductor member 
contacts with the associated portion of the yoke or blade, is to introduce 
impedance into one path to an end fault, in order to insure a tripping 
current differential at the remote end of the line. 


13. End Fault refers to a primary fault which occurs at or so near 
the end of a line as to require external devices, such as end-impedances 
or split-contact switches, to assist in creating tripping differential currents 
at the opposite end of the line, to insure disconnection at that end. 

14. Middle Fault refers to a fault which occurs toward or at the middle 
of the length of the line, and which does not require end-impedance 
devices to insure tripping differential current at both ends of the line. 

15. Secondary Fault refers to a fault in the secondary dielectric per- 
mitting current flow from one conductor member to the other. 

16. Artthmetical Balancing refers to any method of balanced protection, 
wherein the effect of arithmetical difference only, between the compared 
currents, is operative to cause operation of the disconnecting gear. 

17. Vectorial Balancing refers to any method of balanced protection, 
wherein the effect of the vectorial difference between the compared 
currents, is operative to cause operation of the disconnecting gear. 

18. Primary Capacitance refers to the ordinary capacitance of a cable, 
such as is usually measured between one conductor and the other two 
bunched with the sheath. 

19. Secondary Capacitance refers to the capacitance of the secondary 
dielectric, as measured between one conductor member and its mate. 

20. Transposition Joint refers to any joint in which the members 
of one or more of the conductors are transposed. 

21. Straight Joint refers to any joint in which the conductor members 
are held in the same relative position through the joint. 

22. Self Healing refers to automatic healing of a punctured dielectric 
of the saturated type. With balanced protection, it often happens 
that a line is so rapidly disconnected, the fault current does not attain 
high values, nor does it carbonize much material. "The result is a fairly 
clean puncture which immediately becomes more or ess completely 
sealed with hot oil or compound. If the potential is restored, it may 
take considerable time for the carbon particles to align sufficiently to 
cause repetition of the breakdown. 


SPLIT-CONDUCTOR CABLE DESIGN 


In split-conductor cable design, the engineering problems do 
not differ materially from those arising in ordinary cable design, 
except with respect to the division of the conductors. The chief 
additional considerations are, first, the dimensions and type of 
the secondary dielectric and, second, the permissible resistance 
and impedance differentials. 

In order intelligently to design the secondary dielectric, it is 
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necessary to predict the probable value and duration of voltage 
stresses in the secondary dielectric, and when they may be ex- 
pected to occur. 

Cables are subjected to two classes of potential stresses, 1.e., 
those occurring during preliminary high potential tests, and those 
occurring in service. In general, only those occurring in service 
need be regarded as factors affecting cable design. 

If, while in service, one member of a split-conductor becomes 
involved in a primary fault, say to earth, it 15 clear that some por- 
tion of the other member will for a finite period of time be at 
star potential above the faulty one. The rapidity of the change 
from this difference of pressure to a lesser one will depend upon 
the position of the fault with respect to the end of the cable; the 
frequency at which the greater one occurs, upon the tvpe of 
system, $.е., whether grounded or isolated neutral. The current 
flowing to the fault causes a differential IR drop from the 
terminals to the fault, and under some conditions this drop mav 
result in establishing the star potential across the secondarv 
dielectric. The linear amount of secondary dielectric affected 
by the higher stresses is dependent upon the position of the fault 
with reference to the length of the cable, and also upon the tvpe 
of protective gear. The cumulative duration of stresses in the 
secondary dielectric for a given fault, is a function of the time 
required by the switch gear to disconnect the line from all sources 
of supply. 

Since balanced protection schemes provide for rapid disconnec- 
tion of faulted lines, it 15 a reasonable assumption that the 
higher secondary stresses will be more or less transient, 
for which a conservative allowance mav be made when determin- 
ing the thickness and grade of the secondary dielectric. 

The possible effect of high potential testing of the primary 
dielectric, upon the secondary dielectric, requires further 
consideration. Ав stated above, the probable maximum 
secondary pressure due to operation, wil not exceed the star 
potential of the system. Primary testing at double operating 
pressure may, if a primary failure occurs, result in stressing a 
part of the secondary djelectric with nearly four times the star 
potential. Occasional secondary failures, consequent upon 
primary failures due to such high tension testing may, therefore, 
be expected. 

Since high potential testing after installation, if accomplished 
without failure, causes no abnormal stress in the secondary 
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dielectric, it is good commercial judgment to ignore the possi- 
bility of secondary failures resulting from primary high tension 
tests, and design for operating star pressure maxima only. 

The local heat set up by the arc, upon the occurrence of a 
primary fault, and its possible effect upon the secondary dielec- 
tric, must be recognized. As the outer member usually is very 
thin, we may expect it to be destroyed rapidly at the point of 
fault, accompanied by extremely local and intense heating or 
burning of the adjacent secondary dielectric. On the same 
basis of reasoning, the secondary dielectric often may be com- 
pletely destroyed at this point, even though insulating ma- 
terial substantially thicker than required to withstand star 
pressure is provided. This risk coupled with the fact that the 
maximum pressure across this dielectric is coincident with the 
point of fault, makes it extremely probable that if any breakdown 
of the secondary dielectric does occur, it will occur at this point. - 
It is assumed, of course, that this dielectric is uniform in value 
throughout its length. 

At the beginning, we were forced to consider a choice beween 
a secondary dielectric of sufficient thickness to withstand success- 
fully at least the star voltage of the system impressed across a 
dielectric being rapidly weakened by the arc at a fault, and a 
dielectric of minimum safe thickness from a mechanical stand- 
point, but of more than ample value for the normal operating 
voltage between conductor members. А choice of the first 
meant more expensive cable, while the second involved the 
danger of failure of the protective apparatus then available, to 
operate, if a secondary fault should occur. Our reasoning was, 
that the major portion of the secondary dielectric being sub- 
stantially an idle investment under all normal conditions, any 
reduction in its thickness with consequent cheapening of the 
cable was justified, provided a form of protective gear could be 
devised whereby a failure of the secondary dielectric under any 
circumstance would not prevent prompt disconnect on of the 
line so affected. 

The required form of gear subsequently became available, re- 
sulting in our standardizing, tentatively at least, a secondary 
dielectric thickness of 3/64 in. (1.19 mm.) paper for all round 
type, paper insulated, concentric split-conductors for 15,000 
volt working pressure; 1/16 in. (1.58 mm.) paper for the same 
class of conductors for 25,000 working pressure; and 5/64 in. 
(3.96 mm.) paper for both 15,000 and 25,000 volt sector type, 
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paper insulated, concentric split-conductors. The additional 
thickness in the sector split type is due to what appeared to be 
mechanical necessity, t.e., relatively sharp corners of the inner 
member, but it will undoubtedly be reduced as the art of manu- 
facture improves. So far as our experience indicates, these 
thicknesses, if properly applied and thoroughly impregnated, 
with the conductor members free from mechanical defects, are 
ample to meet the conditions imposed by manufacture, installa- 
tion, and service, with our standard form of protective gear. 

For economic reasons it seemed better to assume some risk of 
a possible secondary failure, if the cable was also simultaneouslv 
involved in a primary fau:t and, therefore, bound to be discon- 
nected, than to specify a secondary dielectric of a thickness 
calculated to withstand any possible Stress to which it might be 
subjected, knowing that this maximum stress cannot occur ex- 
cept under primary fault conditions in the same line. 

The impedance differential in a completed line must be con- 
sidered jointly with the characteristics of the protective gear at 
the ends of the line, and its magnitude limited in accordance 
therewith, since if the maximum normal differential current is 
permitted to be high, thereby requiring a high setting of the 
relays, the means for creating the required value of tripping 
differential current under and fault conditions must be of 
corresponding magnitude. This limitation is of particular im- 
portance, if the end-impedance devices are the reactive type. 

In order that the impedance differential of a completed cable 
line shall be as small as desired, it is first necessary to care prop- 
erly for the resistance differential in the individual cable sections, 
by limiting its value, or preferably its variation from a pre- 
determined percentage of the resistance of one of the conductor 
members. In other words, it is not so important that the con- 
ductors agree with each other to a small percentage, as it is that 
the ratio of their resistances, one to the other, shall not differ by 
more than a small percentage. Second, it is necessary that the 
conductor members shall be so transposed in the jointing of the 
cable sections as to insure that the resistance differential of the 
completed line is within the desired limits, which also provides 
for relative changes in temperature and resistance of the con- 
ductor members. Third, the reactance differential of the com- 
pleted line must be kept down to the proper value, and it is 
ordinarily accomplished by the transposing required for resist- 
ance balancing. As it is a much larger differential in the 
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individual cable sections than the resistance differential, 
running as high as 40 per cent, it may be the larger component 
of the impedance differential. It is very necessary that this 
differential be carefully equalized in a completed line. Its value 
is fixed by the design of the conductor and, therefore, is out of the 
control of the manufacturer. 

А reasonable specification for resistance differential of a cable 
section 15 that it shall not exceed two per cent when the nominal 
. resistance ratio of the conductor members is required to be 100: 
100. If it is desired to specify a nominal resistance ratio of, say 
100: 102, then the requirement should be that the ratio of resist- 
ance of the conductor members shall be not greater than 100:101, 
nor less than 100:103. 

Our experience, without feeder reactors, has shown that no 
material difficulty need be expected in getting completed lines 
to balance closely enough to permit the maximum through short- 
circuit current to flow, without setting up normal differential 
currents of tripping value. Short lines originating at a power 
plant are, of course, subject to the heaviest through short- 
circuits and, therefore, require the most care in balancing. While 
long lines do not require as close balancing, they are easier to 
balance than short lines, since the law of averages has а more | 
effective application. 

During the war, the copper wire market has been such, that 
considerable difficulty has been experienced by manufacturers, in 
securing copper drawn with the accuracy desirable for the pro- 
duction of well balanced split-conductors. This has forced the 
acceptance of cable not quite up to the pre-war standard, and has 
required more attention in the matter of transposing conductors, 
in order to secure the desired balance in the completed lines. 
It is the aim to secure impedance balance in completed lines to 
within one tenth of one per cent. With uniformly well balanced 
cable sections, this result is ordinarily secured with from one to 
five transpositions. The present practise is to use no less than 
three, dividing the line into four sections. 


RELAYS FOR CURRENT-BALANCE PROTECTION 


Relays should be of the instantaneous overload type, operative 
on small amounts of energy, hand resetting, and the moving parts 
should have small inertia. Secondary devices are necessary to 
close the contacts in the tripping circuit. An auxiliary break 
in the tripping circuit should be provided, to be actuated by the 
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movement of the main switch mechanism. At least two manu- 
facturers in this country have produced a satisfactory form. 

The hand-reset feature is very important, since it constitutes 
reliable means of diagnosing the class of fault causing the opera- 
tion of the protective gear. 


SPLIT-CONDUCTOR PROTECTIVE GEAR 
Single line diagrams, Figures 5, 6, 7, and 8, show diagrammati- 
cally some of the forms of protective gear we have used or con- 
sidered, the form shown in Fig. 5 now being fairly well stand- 
ardized. | 
At the risk of some repetition it may be advisable to explain 


Fic. 8 


the functions of the several devices shown, and discuss their 
different characteristics. 

Common to all current-balancing schemes, an apparatus for 
weighing or comparing the currents in the paired conductors 15 
required. The simple differential transformer is undoubtedly 
the best device for the purpose so far suggested. It consists of a 
standard tvpe of current transformer core upon which are wound 
two primary coils, and one secondary coil. The primary coils 
are each respectively connected into one of the paired conductors 
in such a manner that under normal conditions of current flow, 
the coils will have equal and opposite effects upon the trans- 
former соге. If the primary coils are symmetrically disposed with 
reference to each other and to the core, no core flux will be set 
up, and consequently no current will flow in the secondary wind- 
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ing or relay circuit connected thereto. This is the condition that 
should obtain in a perfectly balanced split conductor under 
normal conditions. Should a fault occur, however, resulting in 
a disturbance of the normal current flow, then the balanced- 
current condition no longer obtains, and the difference of current 
values in the balancing transformer primaries results in estab- 
lishing а core flux, and consequently a current flow in the 
secondary coil and relay circuit. As soon as this secondary cur- 
rent reaches the tripping value, the line 1s automatically discon- 
nected at one or both ends, depending upon the position of the 
fault. 

If all faults in split-conductor lines were confined to the 
middle of the length of the line, and to one conductor member 
only, tripping differential current would be assured at both ends 
of the line, even though the balancing transformer windings have 
very little impedance. Balanced current protection for paired 
conductors would, with such premises, be an ideally simple 
proposition. 

Since it is absolutely necessary that the scope of the protec- 
tion shall include the entire line, and extremely desirable that 
line disconnection be effected while the fault current is moderate 
in value, it is necessary to provide for what are known as end 
faults. 

End fault protection is secured by the use of so-called end- 
impedance devices. Up to the present, two types have been 
developed, the reactive type and the non-reactive type. The 
reactive type has been proposed in several forms, three of which 
are shown in Figures, 5, 6 and 7. The non-reactive type as 
embodied in the three point per pole, or split-contact switch, 
Fig. 8, is the best known form of that type. 

The theory of design and application of end-impedances is 
discussed quantitatively in the appendix to this paper, kindly 
prepared by Prof. C. A. Adams, but possibly a non-mathematical 
statement of the action of end-impedances may be helpful. 

Assume that a failure occurs on a split-conductor, say at X, 
Fig. 6, affecting one member only, and for the moment that no 
impedance devices are in circuit, current will flow to or from 
the fault in two directions. At the fault end of the conductor, 
the flow through one primary coil of the balancing transformer 
will be reversed in direction with respect to the flow through the 
other primary coil. The current flowing in the first mentioned 
primary coil will be supplemented by current from the bus at the 
fault end of the conductor, if this bus is supplied by conductors 
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other than the faultv one, or possibly by current from synchron- 
ous apparatus connected to this bus. As the effect of the cur- 
rent flow in the transformer primaries becomes cumulative under 
conditions of relative reversal of current, it will be seen that 
ample secondary or tripping current is assured, with consequent 
disconnection of the conductor at this end. 

From the above, it is clear that end-impedance devices are not 
required in order to insure operation of the disconnecting gear at 
the end of a line adjacent to an end fault. Since, however, an 
end fault is so located with respect to the distant end of the line, 
that the impedance in one current path from the bus at the dis- 
tant end is substantially equal to the impedance in the other 
current path, the two components of the total current flow from 
the distant end will also be substantially equal, or at least they 
will not differ by more than the normal differential current, due 
to the inherent impedance differential of the conductor. As the 
relays must not operate on normal differential currents, it is 
necessary, in order to produce disconnection of the distant end, 
that the impedance of one of the current paths be altered with 
respect to the other, to the extent required to produce a tripping 
differential current in the balancing transformer at the distant 
end of the line. 

Referring again to single line diagrams Figs. 5, 6, 7 and 8, and 
assuming an end fault on each, in a position equivalent to that 
shown in Fig. 6, and that all lines have been disconnected from 
the bus at the fault end in the manner previously described, the 
tripping differential current to insure disconnection at the dis- 
tant end is assured as follows: In Fig. 5, the impedance in one 
current path to the fault becomes increased with respect to the 
other, due to the inclusion in the first path of both reactors. In 
Fig. 6 the impedance of one path is increased, due to the inclu- 
sion therein of three of the reactors as against one reactor only 
in the other path. In Fig. 7 the impedance of one path is in- 
creased, as the coils of the reactor at the fault end become 
cumulative in effect, due to relative reversal of current in 
one of them. In Fig. 8 the impedance of one path is increased 
(to an infinite value) by the actual opening of one path to the 
ault at the so called split-contacts. 


DISCUSSION OF END-IMPEDANCE DEVICES 


While any of the types or forms shown, may be designed to 
provide adequate end-fault protection, they differ enough in their 
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characteristics to warrant considerable study before a choice 1s 
made. Choice should be governed by such considerations as, 
strength of design, space required for their installation, effect on 
regulation, effect on switchgear and switchboard design, rapidity 
of action, cost, etc. 

The form shown in Fig. 5 is а special arrangement of simple 
reactors, rather than a distinct form. It was developed as a 
result of a desire to reduce, for a given duty, the reactor capacity 
necessary in the forms shown in Figures 6 and 7, and as well to 
insure that tripping current differentials would be set up, should 
both the conductor members be simultaneously involved in a 
fault. 

The form shown in Fig. 6 has had but little application and 15 
shown and described merely for purposes of comparison. It is 
obviously the least desirable of all forms shown, since the capacity 
required for a given duty, the space required for installation, and 
the effect upon regulation, are all of an order twice that in- 
herent to the scheme shown in Fig. 5. The arrangement com- 
pares favorably, however, with that shown in Fig. 7, except as 
to iron losses and effect upon regulation. 

The form shown in Fig. 7 is best described as the differential 
type. It was suggested by Mr. Leonard Andrews of Hastings, 
England, about 16 years ago, and has had some application 
abroad, not only in the form illustrated, but also when provided 
with a super-imposed secondary winding of proper impedance, 
thereby combining in one device, the function of anend-impedance 
with that of a balancing transformer. Its chief claim for consid- 
eration, is its non-inductive characteristic, and absence of core 
loss, under conditions of normal current flow. At first glance 
it might be thought that this form of reactor could be 
designed with a minimum amount of iron in its core, since 
under normal conditions there is no flux therein, and thus it 
could be smaller and cheaper than other reactive forms of end- 
impedance. This type of reactor is, however, not only 
differential itself, but cooperates differentially with its mate 
at the opposite end of the line, so that it is the vectorial 
difference between their respective effects that produces the 
required differential current for tripping purposes, at the end 
remote from an end fault. Any attempt, therefore, to reduce 
the size and cost of this form of reactor, by designing it for high 
saturation in the core when functioning for end-faults, is in- 
effective, since the volt-ampere capacity must be so increased, as 
to offset any hoped for gains due to reduction of iron in the core. 
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The form shown in Fig. 8, is merely the combination of a main 
and auxiliary switch, the auxiliary contacts when opened separa- 
ting the conductor members from each other. This isolation of 
the conductor members from each other 1s, in effect, equivalent 
to the introduction of infinite impedance into one path to an end- 
fault, when the opening occurs asaresult of suchafault. Ifthe 
opening is due to regular switching, the members are merely 
simultaneously disconnected from the bus at that end. 

As before stated, the selection of end-impedance devices should 
be made with several considerations in mind. 

From the standpoint of strength of design, the balance appears 
to be in favor of the reactive type, since it has no moving or 
wearing parts requiring adjustment or renewal. 

The space requirement usually is a local consideration. Amer- 
ican practice in line cell construction, however, seems to favor 
the reactive type, as the reactors in most cases mav be installed 
in what would otherwise be unused space. The additional space 
required for split-contact switches usually is more difficult to 
obtain. 

The reactive type, in some forms, admittedly has some effect 
upon voltage regulation. In any form the effect is not serious, 
particularly when we consider the growing use of current limit- 
ing reactors. The form shown іп Fig. 5, in the capacities used 
by the Boston company, has about the same effect upon regula- 
tion as would a one per cent feeder reactor. The reactive form 
shown in Fig. 7, as well as the split-contact tvpe shown in Fig. 
8, has no effect upon regulation. 

The relative effect of the two tvpes of end impedances upon 
switch gear design, is of great importance. It is obvious that 
standard tvpes of switches are adequate with reactive schemes of 
end protection; no departure from standard practise or design 
is necessary. The non-reactive type however, as embodied in 
the split contact switch, requires a special design of switch. 
For small capacities this mav not be a serious matter. For 
the large capacities, such as are common in American practise, а 
serious factor is introduced, $. e., the necessity of designing the 
three-point or split-contact switches, so that all three breaks per 
pole have the same breaking capacitv. "This means that if a 
switch is of a type requiring two pots per pole for standard work, 
it will require an additional pot of equal capacitv in order to 
corvert it into a split-contact switch. 

It may be thought that since the so-called split-contacts each 
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carry only half the full line current, each might be designed for 
half duty, when compared with the third or so-called non-split 
contact. This assumption may be correct if the breaking of 
through current only is considered. If we assume a case when 
this type of switch is called upon to perform a dual duty, such 
as clearing an end fault, it can be shown that one of the split- 
contact breaks may have a duty exceeding that of the main or 
non-split-contact break. 

Three-point or split-contact switches must be so designed that 
when being closed both conductor members shall be connected 
together before either one of them is connected їо the bus. This 
must be assured, for if by chance one of them should be closed 
on a bus before the other, the instantaneous current flow through 
one conductor member only, will result in the simultaneous 
opening of the switches at both ends. In order to prevent such 
an occurrence, the relative position of the contacts and yoke or 
blades is made such, that the split-contacts will be connected 
together just prior to their joint connection to the bus or non- 
split-contact. Тһе time interval between the two closures 
must be extremely short, in order to make the switch as effective 
as possible when rupturing current, since in opening, it is of great 
importance that all breaks per pole occur as nearly simultan- 
eously as possible, in order to divide the breaking duty equally. 

When a three-point switch operates on an end fault, the first 
break takes place at the main or non-split contact, closely fol- 
lowed by a break at the split-contacts. One of the split-contact 
breaks handles the component of the fault current flowing over 
the corresponding conductor member. The other split-contact 
break must handle the same component, plus any current flow- 
ing to the fault from the bus at the fault end of the line via the 
main break. The third or non-split contact break handles only 
the current flowing to the fault from the last mentioned bus. 
Thus it will be seen that one of the split-contact breaks may 
have a far greater dutv to perform than anv other. 

Close analysis of the relative effect of the two types of end- 
impedances upon switch gear and switchboard design seems to 
indicate the superiority of the reactive form of end-impedances. 

It has been claimed that the split-contact switch provides for 
more sensitive control, by virtue of its function of inserting in- 
finite impedance into one path to an end-fault, thereby con- 
centrating the fault current in one path onlv, at the end remote 
from the fault, thus creating at that end a greater tripping 
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differential current than would be obtained if reactive impedance 
devices of permissible size were used. This advantage is real 
only in a limited degree, and only if the fault current is so small, 
that when it is divided between the two paths to the fault, as 
must be the case if reactive end-impedances are used, the differen- 
tial current is less than that required to operate the relay. Such 
small fault currents are encountered only when the fault is one 
to earth, in a system having small capacitance to earth. In such 
systems the use of the split-contact switch may be justified, 
particularly as such a system will ordinarily be of small mag- 
nitude. In svstems of large magnitude, the cable systems also 
are usually extensive, and fault currents to earth are ample to 
insure tripping differential current with reactive end-impedance 
devices of reasonable size, even if the system is operated with an 
isolated neutral. Whenever the system is of such size or type as 
to justify the use of reactive end-impedance devices, disconnec- 
tion of lines under end-fault conditions is effected more rapidly 
with such devices than would be the case with split-contact 
switches, since tripping differential currents are set up simulta- 
neously at each end. With split-contact switches, a tripping 
current differential exists at the fault end, only, until the opera- 
tion of the switch at the fault end, effects the introduction of 
impedance and the setting up of a tripping current differential 
at the opposite end of the line. 

On the whole, it would therefore appear, that considering the 
rapiditv of action, at least on large svstems, the reactive form of 
end-impedance device has a distinct advantage over the non- 
reactive tvpe. 

The matter of relative cost of the two types is at present un- 
settled, as the development in this country has proceeded along 
reactive lines. It 15 believed, however, that taking all features 
into consideration, the cost differential will be in favor of the 
reactive type. 

In order to check the soundness of our conclusions as to end- 
impedance devices, it has been thought advisable to secure some 
actual operating experience with the more promising forms. А5 
a result, we have placed in operation during the past two years 
two installations of the split-contact {уре of end-impedance, 
Fig. 8, also we have on order for installation during the current 
year, two installations of the differential type of end-tmpedance. 
Fig. 7. 
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BALANCED PROTECTION FOR ORDINARY OR 
INDEPENDENT CONDUCTORS 

While the experience of the Boston company in the balanced 
protection of paired ordinary conductors has not been extensive, 
the work to date has been of great importance in establishing a 
basis for future practise. It is believed, therefore, that a few 
references to this phase of the subject are permissible at this 
time. 

As it is obvious that there is no material difference in opera- 
ting principle between the older and well known arrangement of 
paired independent conductors, and the so-called split-conductor 
scheme, any choice between the two arrangements tends to be an 
economic one. It is incorrect, as is sometimes done, to refer to 
the earlier method as a combination of ordinary conductors on 
the *split-conductor plan", since such arrangements were pro- 
posed many years previous to the split-conductor suggestion. 

In general the protective apparatus already described 15 
applicable to any combination of paired conductors, but when 
the paired conductors are situated each in different cables or 
lines, they are each insulated for the primary voltage of the 
system, and are, therefore, independently suitable for operation 
if for any reason the companion conductor is out of service. It 
follows, therefore, with any arrangement of paired conductors, 
other than actual split-conductors, that each of the paired conduc- 
tors ought to and usually does have its own switches independent 
of those for its parallel associate. Тһе use of individual switches 
for each conductor, moreover, results in a combination equiva- 
lent in most respects to the split-conductor arrangement, em- 
ploying split-contact switches in place of end-impedances or 
reactances, so that end-faults are adequately provided for. 

With a paired independent conductor line, it is not possible to 
secure and maintain the degree of balance inherent to a split- 
conductor line, for even were it possible to start out with a fair 
balance, conditions local to one conductor or the other would soon 
affect the balance to a considerable degree; for example, should 
one line of a pair be out for repair and the other remain in service, 
it is obvious that when put in parallel again, the difference in 
conductor temperature, which might then exist, would be the 
cause of a material impedance differential. If a through short- 
circuit should occur under such circumstances, the normal 
differential current would attain a very high value. 

It is frequently desirable to consider paralleling, with balanced 
protection, conductors which differ materially in length, cross 


810 COLE: SPLIT-CONDUCTOR CABLES [June 26 


section, or reactance. In such cases it is impossible to operate 
without correspondingly large normal differential currents. Since 
the end fault condition in such lines will be cared for by the in- 
dependent switches for each conductor, the remaining necessity 
is that of compensating for the large normal differential currents 
set up by through short circuits, and with the same devices pro- 
vide for selective disconnection, should faults occur that result 
in differential currents materially smaller than those due to 
through currents of maximum values. 

If the ordinary type of overload relay is used in this class of 
balanced protection, the settings might need to be so high as to 
preclude operation on section faults, or in any event to prevent 
obtaining, the maximum benefit of balanced protection. 


Fic. 9 


In order to obviate the necessity of the high relay settings 
referred to, and at the same time to insure non-operation on 
through short circuits, relays have been developed both in this 
country and abroad, variously called, ‘‘biased relays’, “рег- 
centage-balance relays”, and ‘‘ratio-balance relays”. 

We have experimented for nearly four years with ratio-balance 
relays in the forms shown in Figs. 9 and 10. One pair of cables 
has been equipped with the form shown in Fig. 9, and has been 
in operation for over three years. In all cases of actual trouble, 
as well as under artificial fault conditions, the relays have func- 
tioned as predicted. While in the case of a single pair of lines, 
both are disconnected upon the occurrence of a fault in one, the 
other may be immediately put to work with straight instantane- 
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ous overload protection, since the relays may be arranged to so 
function for either line, when the companion line is out of service. 

The form shown in Fig. 10 is particularly well adapted for use 
with groups of three or more parallel lines, in which case the 
relays may be electrically interlocked, so that the faulty line 
only is disconnected. When so applied, all the discriminative 
features of balanced current protection may be secured without 
the use of pilot wires, special cables, reactors, or split-contact 
switches. 

The relays shown in Figs. 9 and 10 are so constructed, that 
the restraining force is proportional to the vector sum of two 
compared currents, and the operating force is proportional to the 


ШЕ | QUU USE 


Fic. 10 


vector difference between the compared currents. With proper 
winding ratios, the restraining effect will predominate until the 
normal relation between the compared currents is altered, due 
to a fault 1nvolving one of the conductors, to such an extent as 
to cause the ratio between the vector sum and vector difference 
of the compared currents, to exceed a predetermined limit. 
After this limit is reached, the operating force becomes pre- 
dominative and the relay operates to disconnect the faulty con- 
ductor. 

In order to choose the proper winding ratio for ratio-balance 
relays, itis necessary to know what the normal differential 
current will be under extreme conditions, and the percentage 
it bears to the simultaneous vector sum of the compared currents. 
Once adjusted for this normal relation, they cannot operate on 
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any value of through current, since the restraining force will 
then always be in excess of the operating force. 

It is expected that upon the return of more normal conditions, 
further progress will be made in the application of ratio-balance 
protection to many of our standard transmission lines, by means 
of the devices described, or that may hereafter become available. 


SCHEDULE OF SPLIT-CONDUCTOR CABLE INSTALLATIONS 


The following table shows the installations of split-conductor 
cable now included in the Boston Edison Company system: 


Date placed 


Line No. Length in feet Size Voltage in service 
34-82 32,032 3x4/0 15,000 9- 4-13 
31-76 24,054 3x1/0 25,000 8-31-14 
26 -76 29,273 Зх. 10 sq. in. 25,000 1-10-15 
26-71 29,305 3x 10 sq. in. 25,000 | 5-16-15 
47-76 41,478 3x4/0 15,000 | 11-14-15 
47-75 41,478 Зх4/0 15,000 | 11-30-15 
31-77 24,069 Зх. 10 sq. in. 25,000 5-2 -16 
16-99 7,599 3x4/0 15,000 8-25-16 

* 49-08 4,742 3x4/0 15,000 9-10-16 

* 49-95 4,742 3x4/0 15,000 | 11- 4-16 

t 23-75 23,652 3x3/0 25,000 |. 11-26-16 

+ 23-76 23,652 3x3/0 25,000 | 11-26-16 
54-99 33,488 3x4/0 15,000 4- 7-17 

* 43-50 32,205 3х3 /0 25,000 | 4- 1-17 

t 8-53 8,510 3x4/0 15,000 7- 8-17 

t 8-54 6,510 3x4/0 15,000 | 7- 8-17 

t 30-87 9.439 3x4/0 15,000 | 7-15-17 

t 30-96 9,436 3x4/0 15,000 x 7-15-17 
49-51 24,889 3х4 /0 15,000 | 8-12-17 
39-51 23,480 3x4/0 15,000 8-12-17 
51-69 8,789 3x4/0 15,000 10-21-17 

* 57-69 9,189 3x4/0 15,000 | 10-21-17 

* 9-69 6,926 3x4/0 15,000 10-21-17 
52-77 3,758 3x4/0 15,000 10-21-17 
52-78 3,772 3х4 /0 15,000 10-21-17 

t 8-87 7,384 3x4/0 15,000 11-18-17 

* 58-80 - 6,742 3x4/0 15,000 | 11-18-17 

$ 53-53 7,754 3x4/0 15,000 | 

5 53-54 7,754 3x4/0 15,000 

$ 53-70 3,516 3x4/0 15,000 

{ 21-72 10,202 3x4/0 15,000 
21-73 10,202 3x4/0 15,000 

101-102 50,044 3х4 /0 15,000 5-1-17 
101-103 49,272 3x4/0 15,000 5-1-17 
ion 18,733 3x4/0 15,000 

101-105 48,691 3x4/0 15,000 
$103- 59 11,552 3x3/0 25,000 
$ 20-59 21,841 3х3/0 25.000 


*Line not yet operating as split-conductor line. 

tLines at present operating in series with standard overhead lines. 
tLines at present operating in series with standard conductor cable. 
§Lines under construction to go in service 1918. 
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f The total length of the above cables is 747,590 ft., or approx- 
imately 142 miles. 
Lines 26-77 and 31-77 are connected in series at present and 
24- егабе аз опе line, which is protected with the English form of 
Plit-contact switch gear, Fig. 8. Line 26-76 is equipped with 
а 71 lification of the form of gear shown in Fig. 6. Lines 26-77 
Әлі 2X1 77 are to be separated during the current year and the 
27 t <= r-minals аге to be protected by the form of gear shown іп 
5-7, the opposite terminals remaining as before, protected with 
Әле —<><>хцасї switch gear. The remaining lines are protected, or 
fo be upon their completion as split-conductor lines, with the 
EX OF gear shown in Fig. 5. | 


RESULTS OF OPERATION 


ми including the preliminary testing of lines under artificial 
the <C Onditions, to determine their characteristics, and to check 
ium T eory of operation, a sufficient number and variety of 
be =al faults have occurred to demonstrate that full reliance may 
с la ced on the system of protection, provided the fundamental 
VLA xr e-ments are met in its design, installation, and operation. 
* xx <= 34-82 has now been in service nearly five years and with 
Die « —»ssible exception of one case, to be referred to later, the 
Е къ < ed protection apparatus In connection therewith has func- 
ice in accordance with theory, each time the line has been 
thro “ed іп а fault, or when subjected to the stress of feeding 
line Са £rh short-circuit current to faults external to the line. This 
(duse 5 to the present has been involved in one secondary fault 
ducto To defective stranding of the outer member of one con- 
which, - ). one end fault, and at least six through faults, three of 
T3: vere bus short circuits at one terminal of this line. 

and кыз 47-75 has been in service about two and one half years 
AS been involved in one fault, a primary fault in a joint, 

that o ductor to earth. This fault created so little disturbance 
e station operator was inclined to feel doubtful as to the 


the 


n 

ЕК <ъ the switches opening. Tests were made to locate the 

and бы ut after a while the operators concluded that none existed, 

disch |" = line was placed back in service. Outside of some static 
ceas <А-Ж-рес of small volume at the line terminal, which soon 
the > the line appeared as good as ever. In order to clear up 


line tion of the relays, it was deemed advisable to inspect the 
апу. _ Меп were sent over the line, opening manholes and ex- 
X1g the cable therein, with the result that a joint was found 
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with a hole blown through the lead sleeve, and fresh compound 
expelled in considerable quantity. The line was then promptly 
taken out of service, the faulty joint opened, whereupon it was 
found that one conductor had broken down to earth (correspond- 
ing to the relays that operated), but the fault had become healed 
due to hot compound running back into the wound after the 
line was disconnected. From all outward appearance, this line 
probably would have operated for years in its then condition. 
This case 15 described at some length, as such an occurrence may 
have been the cause of relays operating on our first line, No. 34-82, 
on one occasion without the cause ever having been determined. 
Self healing, therefore, may be expected. This experience, con- 
firmed by results obtained in high potential testing, teaches 
that any case of apparently unnecessary operation should be 
carefully investigated before conclusions are drawn. 

Line No. 31-77 has been in service about two years and has been 
involved in two faults. The first fault was due to a connector 
in a split-conductor pothead (English Type) becoming loosened, 
thereby increasing the impedance of one of the current paths 
and setting up a tripping differential. This caused several 
operations of the protective gear at each end before a diagnosis 
of the fault was made by our operators. The second fault was 
due to mechanical injury; a laborer driving a pick into the cable, 
grounding one conductor. The protective gear, (split-contact 
switch type) operating in the expected manner, isolating the 
line at both terminals. This line was again made alive, but was 
automatically disconnected again, since the fault was well 
established. The second operation resulted in breaking down 
. both inner and outer members at the point of fault. The cable 
at the point of injury was laid on the solid system, т.е. armored, 
laid directly in the ground and covered with a two-in. (5.08-cm.) 
spruce plank. Repairs were effected by making a new joint 
in this location. 

Line No. 31-76 has been in operation for nearly four years, but 
on account of defective joints and some dry spots in the secondary 
dielectric which were eliminated by high tension tests, it was 
not finally accepted until about three vears after installation. 
In the course of making the many primary high potential (50,000 
volt) tests, the secondary dielectric failed, due to the stresses 
set up therein as a result of primary failures, at four or five of 
the dry spots, also in two cases where the outer member was 
defective, once as to stranding (crossed strands) and once where 
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a strand had been brazed. This line could not be kept continu- 
Ouslv out of service for testing, however, and on one occasion it 
Was put back in service with the positive knowledge that an 
incipient secondary fault due to the testing above referred to 
Was Present in one conductor. No cable was available at the 
une to replace the faulted section, and as the fault was of very 
hig 21 ®-€sistance, it was decided to assume the risk of operating 
the 1 ire with balanced protection. This proved to be poor judg- 
Пека Е On our part, since this fault developed in service to such an 
ater t. as to cause operation of the protective gear, the operation, 
oí COU rse, being perfectly normal for this type of fault. Un- 
frt. wa X1zately it occurred simultaneously with one of the outages of 
line N o. 31-77 described above with which it was ring connected, 
anc d © ha ereby contributed to an interruption of service. : It was 
as "Ux fortunate in this case that the first mentioned fault in 
Ine N <>. 31-77 had not been diagnosed and remedied at an earlier 
сее. Such experiences, however, are of great importance as 
аЙ €x xa mg future operating practise. 

з хз «> No. 54-99 was placed inservice April 7, 1917 and within 
afer ^xveeks afterward broke down between main conductors, re- 
ulti Xx = іп its disconnection by the balancing gear. This fault 
NS E ed about one and one half miles from the power house. 
iM «11 sturbance was noticed when it was disconnected. Relavs 
оо on two of the conductors, normally indicating a short 
Baca = еп them. The operators put the line back again, however, 
rela % *- ran about three minutes when it came out again, the same 
n 22! S Operating as before. The line was again made alive from 
the P arate bus and generator at somewhat higher pressure than 

S Stem pressure, and remained in for four minutes, coming 


ou . ; 
5 for the third time upon the operation of the same two relays. 
s 


Sake clown between the two phase wires corresponding to the two 
73 that operated in each of the three cases of disconnection. 
=a short circuit of similar type and location, on a feeder 
Secor, Є ed with overload relays with as short a setting as one half 
ner САА . usually makes itself known in a more or less violent man- 
to be € performance of the protective devices on this line appears 
ға substantial tribute to the efficacy of the balanced method 
tection. Inthiscase, it appears that each disconnection of 
line was so rapid that the fault current built up to a value 
m *iterially greater than sufficient to create a tripping differen- 


Protec 


not 
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tial, and as soon as disconnection occurred the puncture healed 
up, due to the hot cable compound flowing into the wound. Un- 
doubtedly enough carbon was suspended in the puncture path 
to gradually line up and bridge between phases, thus causing the 
second and third disconnection. It is a question how long this 
process could have been continued, but it would seem that two 
disconnections with the same relay operation in each case would 
have been conclusive evidence that a fault did in fact exist. 
Operators will undoubtedlv require considerable experience in 
order to become convinced that quiet disconnection of trans- 
mission cables equipped with balanced protection is sufficient 
evidence of line failure. 

As before stated, some trouble has been experienced by the 
manufacturers in getting perfect saturation of the secondary 
dielectric. In the case of the above mentioned primary fault 
in line No. 54-99, the condition of the secondary dielectric was not 
checked prior to putting the line back in service after repair, as 
is now our practise. It was soon found that one of the con- 
ductors involved in the primary fault had a secondary fault 
which resulted in the protective gear again operating. This 
secondary fault was located and removed, and was found to be 
due to defective stranding of the outer conductor member. The 
continued attempts to operate under the main fault condition 
stressed this defective point severely, and to an amount in excess 
of the stresses caused by the factory or installed test. It is signifi- 
cant that this secondary fault, as well as the two others (three 
in all) occurring in service to date, were located in defective con- 
struction, which permits of the reasonable assumption that none 
would have occurred if the construction had been perfect, and 
also that the values of secondary dielectric chosen for our service, 
are ample if properly incorporated in the construction. 

It is perhaps unfortunate, but nevertheless unavoidable, that 
so much time 1$ required to obtain extensive operating experience. 
It is obvious, however, that new cables are not expected to fail 
soon after having been carefully installed and tested. 
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APPENDIX 
BY COMFORT A. ADAMS 


The Purpose of this appendix is to show the relative amounts 
оз reactance required tc produce a given current differential in 
е three arrangements shown in Figs. 5, 6 and 7, under fault 
Ordi tions, since it is only under these conditions that reactance 
I57€* 3 11i red. 
Ira <“rcler to simplify the final general analysis assume that the 
“usss x-eactance has in each case a constant value. The effect 
‘== 1-13 ration will be considered later. 
ас equal the value of a single reactance in the arrange- 
piia = of Figs. 5 and 6, and cf the series or round-the-end re- 
Xxx << of one of the differential reactors of Fig. 7. 
A SS sna ame that the switch at the fault end has opened— 


Let _Z, be the current from the far end to the fault, by the 


ce ж path, 1, that by the shorter path, both counted positive 

‚© <> same direction from supply end to fault end, and 

i SM 4 a + Г, the total fault current. 

Let 7, = the resistance of a single conductor member. 

ez © x, = the combined reactance of the two conductor mem- 

m <> onsidered аз a single conductor, in which the current is 

» C «= ctor sum of the two currents іп the two members. This 
ча ficiently accurate for all practical purposes. 

x >->-еіпретепі of Fig. 5. Equating the potential drops from 
PP I>» to faults by the two paths gives 


fi 7» --2jixli Fjxu(lh-4h) -hntjn(h- Is) 
Cr, 42jx) = Ї, п. 


Т | 

—2 mecs Fl + 27 x 

4 tm. 

I. * е : < . 
АА = Ja а= m where 1415 the differential cur- 


= — 1, ] " + jx 


rent _ 
© Ы 
* Sm numerical values — 
4 
x I ; 
А = —— where qa is the per cent differential 


= qa = 
ы У ry + x? 
“tres; 
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Let — = 9. then 
fi 


qx š : 
= ——— ог for а given gg the necessar 1S 
“= Vita idis s 


Qd 


ee, шысы. 1 
š V 1 — 942 | 2 


Arrangement of Fig. 6. Equating potential drops to fault as 
before — | 


пи + 37х ух Т= я + ух Г, + ух, I 
li (ri + 37x) = I» (ri X J x) 
L —nc3ix 


LIL neis 
hL-h 1n. jx 


Iz i 1 i rı+ 2jx 
Or in numerical values — 


I Vrè + 4х м1 + 442 
q = — 
x vV1-—4gg 


For purposes of comparison with Fig. 5 this result must be 
multiplied by two since there are twice as manv reactors in this 
case. The relative magnitude of the reactance required will 
then be — 


о (2) 
1 — 4 që 


Arrangement of Fig. 7. Equating the potential drops to fault 
as before 


2 dz 


hnnjvm-l)tinlctjxl 


Г, ғ; +32 0 x I) + ух, 1 


(nis) = 1, (^ + > ix) 
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fe - H jx 
fe +h, i 2(n+ 7x) 
N umerically 
fa] x 4: 


4 = Qd = ому 231 E Ge 


07, fOr a given per cent differential current. 
2 qa | 
У1- 4 që 


€ e» >z clusion. Referring to equations (1), (2) and (3) it appears 
аға Е. for the same per cent differential current, the arrangements 
sa €» wv in Figs. 6 and 7 require the seme total reactance, and in 
ach case slightly more than double that required Бу the arrange- 
mer + of Fig. 5. 
<> between Figs. 6 and 7, the latter has the advantage, since 
altho ugh the total reactance is the same, it is in two units for 
Ға $—- “7 against four units for Fig. 6, which will cost less and take 
aP Less space. 
A x—ce 4, and qa are so nearly equal within normal range of 
or тке these formulas supply a simple and convenient method 
<>< трийпо the approximate per cent reactance necessary for 


кашы за particular differential current. For example, if qa = 
13 -2O = gx (approx.) (Fig. 5), and the normal ohmicdrop on the 
ine 


со anquestion is 0.05, the full.load reactive drop due to the 
< t ors will be 0.20 X 0.05 = 0.01 or 1 per cent of the line voltage. 
155 1s an outside figure. 
Сәг the case of Fig.6, this will be twice as great or two per cent. 
E d the case of Fig. 7, the reactors offer no appreciable reactance 
< г through conditions. 
m ика #тетайоп of Reactor Cores. The effect of the core saturation 
vo] X-educe the reactance of each reactor and also to distort the 
T ze drop across each reactor. | | 
case < reduction of reactance works differently in the three 
sann — - In Fig. 9 it reduces the differential current in almost the 
Stil] <> proportion; but in Figs. 6 and 7 the differential current is 
Path Further reduced bv the fact that the reactance in the short- 
ditt < to ground, which is undesirable as it reduces the current 
Sin X €ntial, is reduced less than that in the long path to ground, 


EI. == its core is less saturated. This difference is however not 
Кару: erable although, as fer as it goes, it increases the advan- 
e 


S of the arrangement shown in Fig. 5. 
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Since the reactance of the reactors absorbs such a small part 
of the voltage of the system, the saturation of the reactor cores 
does nct influence the current wave shape appreciably but does 
seriously influence the wave shape of the voltage drop acrose 
each reactor. The flux wave is flat topped and the voltage 
wave very peaked under conditions of core-saturation. 

Under fault conditions this distortion results in very high- 
frequency harmcnic voltages between splits or conductor 
members, which in turn produce high-frequency charging cur- 
rents between conduction members, which in part reduces the 
voltage distcrtion by supplying harmonic exciting currents for 
the reactors. 

This voltage distortion and consequent danger of breakdown 
of the secondary insulation will be approximatelv twice as great 
for Figs. 6 and 7 as for Fig. 5. 

Under rormal conditions this phenomenon appears to some 
extent in Fig. 5, but the currents are not large enough to approach 
the danger point. 

These distortion effects can be considerably reduced by the 
employment of a gap in the magnetic circuit of the reactors. 


To be presented at the 34th Annual Convention of 
the American Institute of Electrical Engineers. 
-1 4a ntic City, N. J.. June 28, 1918. 


Р | Copyright 1918. By A. I. E. E. 
Сом лес; to final rerision for tne Transactions.) 


Te ESACTANCE OF SYNCHRONOUS MACHINES AND 
ITS APPLICATIONS 


BY R. E. DOHERTY AND O. E. SHIRLEY 


ABSTRACT OF PAPER 


Part I treats of the calculation and application of the arma- 
€ tare self-inductive reactance of synchronous machines. А short, 
reliable method is given in the form of curves, Figs. 20А, B, C, 
жаизаКіпр the calculation from design sheet data a matter of a few 
Xxainutes. Table I shows a comparison of calculated and test 
"v alues (obtained from saturation and synchronous impedance 
<> wirves) for 138 machines, ranging from high-speed turbine gener- 
=œ tors to the low-speed engine type. 

Three points were brought out during the investigation: 

(1) That in polyphase machines, the armature self-inductive 
X-«eactance, just as the armature reaction, is a polyphase, not a 
Single-phase, phenomenon, and therefore the mutual induction 
< >t phases іп a three-phase machine increases the effective self- 
з mduction of each phase by approximately 50 per cent over the 

Single-phase value, while in two-phase machines, in which the 
¥-mutual induction of phases is zero, the effective self-induction of 

*- he phase is the same for two-phase or single-phase operation. 

(2) That the variation of armature reactance during the cycle, 

* lue to salient-pole construction, is practically eliminated in Y- 

«-onnected, three-phase machines for the reason that the varia- 

tion, consisting almost entirely of a third harmonic, is cancelled 

3 m such machines. This leaves, in effect, a uniform reluctance 

©r the leakage flux emanating from the tooth tips. 

(3) That in thefamiliar method of obtaining the armature 
Self-induction from the saturation and synchronous impedance 
<—urves (1.е., by subtracting the armature reaction, that is, the de- 
¥Nagnetizing ampere turns of norma! current under sustained short 
<1rcuit, from the corresponding field ampere turns), a very large 
^T rcr in this test value of self-induction may occur, if, as is usually 

‘One, the armature reaction js calculated on sine wave assump- 

A«»ns. А set of curves shown in Fig. 20, which are plotted from 
Y €-sults derived in Appendices А and B, give values of the cor- 
Т <= ction factor which applies to calculations based on sine wave. 
= An approximate, but convenient, method of applying the 
1. mature reactance in the calculation of field excitation under 

“> aad is given in Appendix С. 

_ In Part II it is shown that the initial short-circuit current of 
S nchronous machines is determined not only by the armature 
“>< Y.inductive reactance, as is often assumed, but also by the field 

*-—]lí-inductive reactance. Neglecting the field reactance in cal- 
talation may give a calculated short-circuit current 50 per cent 
и more, too high. A formula is derived for calculating the field 
actance which, added to the armature reactance, gives the 
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other authors, transient reactance. Table IV showsa comparison 
on eleven machines of the actual short-circuit currents as deter- 
mined by oscillograph, and as calculated by methods proposed in 
the paper. | 

The calculations of transient reactance apply strictly to salient 
laminated pole alternators without amortisseur winding. How- 
ever, such experience as 15 recorded in Table IV, if analyzed in 
connection with theoretical considerations, affords a basis for 
estimating the transtent reactance of turbine generators with 
massive steel rotors and of salient-pole machines with amortis- 
seur windings. These points are summed up in “Summary 
and Conclusions". 

Ап attempt is made to describe the apparently complicated 
physical phenomena of sudden short circuits in terms as free as 
possible from mathematics. Опе interesting апа important 
point which the authors establish from the physical interpreta- 
tion of the problem is that there is a very significant rise in flux 
at the bottom of the pole at short circuit. This may be (if the 
rotor is entirely laminated) 30 or 40 per cent of normal flux, and 
apparently explains why, in machines with solid steel rotor 
rims, the field attenuation factor, а, changes radically after the 
first few cycles after short circuit. 


INTRODUCTION 


S the march of time obliges designers to become ever more 
efficient in the use of materials, it becomes more and morc 
nccessary that they should extend design calculations to further 
completeness. The self-inductive reactance of synchronous 
machines stands in very important relation to this problem. 
In the predetermination of ficld excitation, of voltage regulation, 
and of the initial short-circuit current, the reactance is, of course 
a verv essential factor. 

Three vears ago the authors undertook a survev of the work 
which had been done on the calculation of armature reactance 
in the hope of finding, if not 1n anv particular existing formula, 
at least in a combination of different ones, an expression for re- 
actance that would give reliable calculations—-reliable, we mean 
when applied to the entire range of machines as built by one of 
the large manufacturing companies. The result was probably 
very much the same as that which others have obtained ‘who 
may have a similar attempt. Particular expressions applied 
well to particular classes of machines, but none was found, and 
no combination of existing expressions was found, that would 
apply generally. | Moreover, on account of the many factors in 
the problem, the equation for reactance 1s a very clumsy thing 
to handle—too clumsy, indeed, to make practical the calculation 
of reactance on each new, proposed design. It 1s nevertheless 
desirable to have this calculation. By methods described later 
an expression was finally arrived at which does apply generally 
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to all classes of machines from two-pole turbo-gencrators to 
136-pole water-wheel driven generators, of any voltage and 
freq t1ency, three-phase, two-phase or single-phase, and the 
results are put in convenient shape for the designer's use, there- 
Y raking the calculation for each machine a practical matter. 
ta bBulated comparison of calculated and test results (taken 
forra ordinary commercial tests for open and short-circuit 
charac teristics) is shown in Table I. 
The importance of predetermining the initial short-circuit 
"LX"Y «-riit of synchronous machines need not be dwelled upon. 
Mech zanical stress involved, the rupturing capacity of circuit 
rea k ©rs, heating, etc., all make it a matter of supreme import- 
А The theory underlying short circuits has been thoroughly 
V 1^ L< ed out by Steinmetz, Berg and Bouchert; and Diamant! has 
Cen ced the mathematics involved and investigated the possi- 
bid ® *-x- of determining experimentally the attenuation factors, r/L, 
which determine the rate of decrease of the transients. That 
5 С <= complete equation for the instantaneous values of short- 
OX € ï t current has been available for some time. The difficulty in 
pss «14S e@ has been that the factors involved could not be predeter- 
Mn e d, and, to some extent, there has been uncertainty regard- 
ы `> hat constitutes the reactance which determines the short- 
ыы, current. The authors will show that this rcactance in- 
2. the field self-induction as well as that of the armature, 
а "ell derive a formula by which the total rcactance may be 
M lated. To the author's knowledge this has not been pre- 
no = lv worked out. Table IV gives a comparison of calculated 
=2 Ctual values of short-circuit current. 
rela r the process of obtaining the above results, another closely 
of + o problem was incidentally solved, namely, the effect 
** harmonics in the no-load flux wave upon the field 


exci 2 : SU 
ICa tion required for normal voltage. This is given in Ap- 
Þendix A 


кепе у. object of the paper, therefore, is (1) to present a reliable, 
reac+ <2 1 formula for the calculation of self-inductive armature 
(> т" Face of synchronous machines. (Given in Part I). 
Mitt c. To give a simplification of the general equation, per- 
сагу <A by standard construction, accompanied by working 
acta. < 5 making it possible to calculate the per cent armature re- 


in Ee from the design sheet 1n less than five minutes. (Given 
art D. 


Trass., A. I. E. E. 1915, Vol. XXXIV, p. 2237. 
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TABLE I 
COMPARISON OF CALCULATED AND TEST VALUES AT ARMATURE SELF- 
INDUCTIVE REACTANCE 


SALIENT POLE MACHINES 


<%а 
Kv-a. ¢ Freq. R.p.m. Voltage —— 

N Calc. Test 
1 33 3 600 1200 440 13.4 8.06 
2 50 3 60 300 2300 16.0 13.9 
12.0 10.4 
3 125 3 021 750 2300 13.5 11.0 
4 j 180 3 60 900 220 10.9 12.3 
5 240 3 60 150 440 17.1 15.2 
6 265 3 25 150 400 28.1 34.8 
7 300 3 60 1200 4000 /2300 15.6 13.0 
8 320 3 50 200 5000 12.5 15.5 
9 345 3 60 720 4000 13.1 10.7 
10 370 3 50 187 1⁄4 500 14.5 20.0 
11 375 3 60 150 ` 2300 14.7 13.2 
12 375 3 60 150 3100 14.4 11.4 
13 400 3 25 300 2300 15.2 21.0 
14 400 3 60 300 4000 27.5 30.1 
15 400 . 3 60 200 600 18.9 19.3 
16 400 3 60 150 6600 24.6 21.4 
17 450 3 25 750 13200 8.8 3.1 
18 475 3 50 214 440 16.4 15.3 
19 500 3 60 600 2300 7.6 7.5 
20 500 3 60 150 2300 16.0 13.7 
21 500 3 60 100 240 14.4 13.9 
22 540 3 60 164 6600 31.0 27.3 
23 560 3 25 790 480 6.6 5.8 
24 560 3 во 720 13200 15.1 12.0 
25 560 2 60 720 2400 18.6 23.2 
26 570 3 23 750 13200 9.0 8.9 
27 580 3 60 720 2300 13.4 15.6 
28 585 3 60 90 2000 14.4 15 6 
29 605 3 60 150 2200 16.8 18.1 
30 625 3 60 150 2300 10.7 10.0 
31 025 3 60 100 480 21.1 15.8 
32 675 3 60 90 6600 36.8 33.5 
33 700 3 25 750 2200 10.1 6.00 

34 700 3 25 750 13200 13.2 16 
35 700 3 25 3500 6600 11.4 7.3 
36 700 3 60 900 4000 13.8 12.7 
37 700 3 40 300 600 10.5 10.2 
38 750 3 60 300 600 22.5 23.6 
39 750 3 60 150 2300 18.4 19.5 
40 780 3 60 120 2300 21.7 21.0 
41 800 3 60 90 2300 41.9 44.0 
42 850 3 25 500 6600 5.6 8.4 
43 900 3 60 360 600 20.5 18.6 
44 900 3 60 150 2300 22.1 18.2 
45 1000 3 60 450 2300 22.5 19.8 
46 1000 3 60 200 600 21.2 16.8 
47 1200 3 25 500 4400 16.3 16.9 
48 1250 3 25 750 13200 10.5 10.5 
49 1250 3 50 500 5500 12.3 12.8 
50 1250 3 60 300 2300 12.0 10.5 
51 1250 2 62.5 375 5400 12.1 10.2 
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COM PARISON OF CALCULATED AND TEST VALUES AT ARMATURE SELP- 


a 
N 


s 


Kv-a. ф Freq. 
N 
1350 3 25 
1400 3 25 
1400 3 25 
1400 3 60 
1400 3 60 
1420 3 25 
1425 3 60 
1450 3 60 
1500 3 25 
1500 3 60 

1500 2 62.8 
1625 3 25 
1800 3 60 
2000 3 60 
2000 3 60 
2100 2 60 
2100 3 60 
2125 3 40 
2100 3 25 
2200 3 25 
2250 3 25 
2250 3 60 
2250 3 60 
2500 3 25 
2800 3 25 
2000 3 60 
2800 3 60 
3000 3 30 
3000 3 60 
3125 3 25 
3500 3 50 
4000 3 60 
5000 3 25 
5000 3 25 
5650 3 60 
6000 3 50 
6000 3 50 
6600 3 25 
6250 3 60 
6750 3 50 
7050 3 40 
7050 3 50 
7500 3 60 
8750 3 50 
8750 3 50 
9000 3 25 
10000 3 60 

10000 3 62.5 
12000 3 25 
15000 3 50 


R.p.m Voltage 
375 6600 
500 2200 
375 13200 
514 13200 
$14 13200 
300 2300 
240 2200 
720 2300 
500 2300 
514 2200 
750 2300 
750 3300 
300 2300 
720 2200 
100 2300 
360 2400 
514 4600 
200 600 
750 3300 

375 2300 
214 2300 
514 6000 
450 3450 
250 2200 
300 2300 
514 13200 
450 4000 
500 6000 
450 2:300 
750 14000 
500 11500 
600 2300 
300 2300 
88.3 6600 
360 6600 
500 3450 
500 16500 
375 14000 
600 6600 
600 11000 
400 600 
375 6600 
600 13800 
500 600 
600 6600 
57.7 11000 
514 6600 
55.6 6600 
375 6600 
375 6600 


INDUCTIVE REACTANCE 
SALIENT POLE MACHINES 
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TABLE I. (Continued) 


— ————— X —À -- — — -- < See ———— — -- — “T a 


TURBINE ALTERNATORS 


Kv-a. $ Freq. R.p.m. Voltage ———— 

N Calc. Test 

1 3750 3 60 3600 2300 9 14.5 
2 4375 3 60 1800 2400 5.9 2.4 
3 4375 3 60 1800 4500 6.7 3.9 
4 4375 3 60 1800 2300 7.7 8.2 
5 4375 2 60 1800 2300 6.25 5.1 
6 5000 3 25 1500 5500 10.6 10.2 
7 5000 3 25 1500 6600 6.4 6.8 
8 5000 3 25 1500 6600 7.3 5.5 
9 5000 3 60 3600 2300 9.0 8.9 
10 5625 3 25 1500 2300 6.1 3.3 
11 6250 3 25 1500 6600 10.1 10.6 
12 6250 3 60 3600 e 2300 8.6 12.2 
13 6250 3 60 1800 6600 8.6 7.8 
14 7500 3 25 1500 2300 7.1 6.9 
15 7500 3 25 1500 6600 10.5 7.1 
16 7500 3 25 1500 6600 10.5 11.8 
17 7500 3 60 1800 4000/2300 9.4 5.0 
18 7500 3 60 1800 4160/2300 9.1 8.2 
19 7500 3 60 1800 2300 7.6 9.1 
20 7812 3 25 1500 2300 7.7 7.8 
21 7812 3 60 1800 2300 10.1 9.5 
© 7812 3 60 1800 4000/2300 10.6 8.6 
23 7812 3 60 1800 4000/2300 11.8 10.9 
24 9375 3 25 1500 13200 8.9 9.3 
25 9375 3 60 1800 4000/2300 8.0 8.6 
26 9375 3 60 1800 5000 11.0 9.2 
27 10000 3 25 1500 6600 9.9 9.8 
28 10000 3 40 2400 10000 12.5 13.8 
29 10000 3 60 1800 6600 14.2 9.2 
30 12500 3 25 1500 11000 8.4 8.2 
31 12500 3 60 1800 4000/2300 9.1 7.4 
32 12500 3 60 1800 11000 13.0 17.1 
33 12500 3 60 1800 13200 19.2 13.5 
34 12500 3 60 1800 2300 10.2 8.6 
35 18333 2 37.3 2240 4469 6.3 7.4 
36 18750 3 60 1800 2300 13.8 12.0 
37 25000 3 60 1800 13200 14.4 15.4 


(3) To derive a formula for calculating the field self-in- 
duction which combines with the armature self-induction to 
determine the initial short-circuit current; and further to des- 
cribe in part the physical phenomena which exist in the machine 
at short circuit. (Given in Part II). 

(4) To derive a formula for calculating armature reaction, 
taking into account the effect of field distribution. (It is nec- 
essary tc determine the armature reaction accurately, before 
the armature self-induction can be determined from standard 
open and short-circuit tests). (Given in Appendix B). 
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(5) То show the effect of flux distribution (i.e. the effect of 
the harmonics in the no-load flux wave) on the field excitation. 
(Given in Appendix A). 

C бә) To give a simplified method of calculating field exci- 
Cation which has worked out well in connection with the per 
erz?  axmature reactance. (Given in Appendix С). 


PART I. 


ARMATURE REACTANCE 


€f al the work which had been done on armature reactance, 
EE <>f Gray? was, in our opinion, the most complete. While it 
"*l^--ed certain familiar factors, such as that for the slot re- 
SC CUT X1 се and the leakage from tooth tip to tooth tip which have 
(SLE eared in other reactance formulas, it yet took into account 
= the first time, we believe, the variation of tooth-tip react- 
I| дең in salient-pole machines for different positions of the pole, 
ж» A< Th is very important. Fechheimer introduced a factor to 
кен <>» пі for the effect of fractional pitch armature coils. The 
2-2. given in this paper have been obtained by a modification 
ae l <xtension of the work done by Gray, Fechheimer® and 
T kem же. A bibliography which may be of historical interest 
**1 cluded at the end of the paper. 
p Frere were three difficulties of fundamental importance 
coe ICh it was necessary to overcome before consistent results 
the obtained. The first was the influence of the harmonics in 
moi _No-lðad flux wave upon the effective armature magneto- 
ben ® ve force or armature reaction. The armature self-inductive 
= <: а псе, as obtained from the saturation апа synchronous 
Cic с. «dance curves (the open-circuit and short-circuit characteris- 
sho 1nvolves the difference between the actual field m.m.f. on 
Dor e circuit and the effective armature m.m.f. for the corres- 
uu ` ng current. Since the armature rcaction IS calculated, 
cula «Aiflerence must also, to that extent, be considered as cal- 
in «d. The familiar, approximate formula usually employed 
<> termining effective armature m.m.f. per pole, 


_ 2.12 NI 
A= Ede (thrce-phase) 


is 
2 Based upon sinusoidal distribution of flux and armature m.m f. 
>. 


т Gray's Elec. Machine Design, Ist Edition, page 215. 
` “Trans. A. I. E. E,Vol. 31, p. 578. 
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N= series turns per pole per phase 
I = amperes per turn 
K, and Ка = coefficients, greater than unity, which take ac- 
count of the effect of fractional pitch coils and 
the distribution of coils respectively. 
Often the flux distribution is very different from a sine wave. In 
such cases the actual effective armature m.m.f. may be different 
bv 8 to 10 per cent from the value based on sine-wave assump- 
tions—+.e., as calculated from the above formula. This error 
in armature m.m.f., of course causes a much larger percentage 


Fic. 1—ToorH-TiP LEAKAGE 
FLUX 


чә— МХ Er NOGE mou ia 
`. ef pork were cont nous 


` == ог» £o пела 
ТАЖ mlerlinkage 
entip N woo be л теле rotor 
(ұру y; rir. MOT nene cootm DUS 


Fic. 2— Tooru TiP-INTERLINK- Fic. 3— ToorH-TiP INTERLINKAGES 
AGES AT ZERO POWER FACTOR AT 80 PERCENT PowER FACTOR 


error in the difference between field and armature m.m.f's. on 
short circuit, which difference, correctly determined, repre- 
sents the armature self-induction. It is therefore obvious that 
the effect of flux distribution must be taken into account. This 
has been done by a single factor, Kg, which is derived in Appen- 
dix А, and is given in Fig. 20. 

The second difficulty was met 1n accounting correctly for the. 
variation in the permeance of the ''tooth-tip" leakage path for 
different positions of the pole. Gray’s method of accounting 
for this neglected certain serious factors, as will be shown later. 
Fig. 1 shows tooth-Hp, leakage of one-phase belt at a time when 
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the pole.face iron forms part of the leakage path. It is obvious 
from Fig 1, that as the pole moves on, & part, and finally 
all, Of the path between tooth-tips will be air. At zero 
POwer factor the current in any particular phase group is a 
axirmeum when that phase group is half way between poles, 
Wem the angle, бо, between the center of the phase group 
СЯ the center of the pole Fig. 2a, is 90 deg.; and is zero 
"herr the group is over the middle of the pole, when Ó, is 
ег». This produces a curve of leakage interlinkages shown as 
tran ë ë F ig. 2B. The dotted curve indicates what the leakage 
ыы would be if the iron of the rotor were continuous. Now 
ies =. Y1- other power factor, say cos 0 = 0.7, if the distortion of 
X xa =əgnetic field is neglected, the current will be a maximum 

whet, 

0, = 0 = 45 deg. 


mcd его when o= — 45 deg. But distortion can not, be 
Пе Fleeced. By shifting the flux toward the trailing tip (in a 
p. X- zator) the position of the pole is relatively advanced, there- 
— 1 EX creasing the total angle between the center line of the pole 

a the position of the phase group when the current is a maxi- 
ТАЗА а, to 

6 = 0 + 0; 

where 


{ Өз is the distortion angle, shown іп Fig. 18. For illustra- 
X< xx 


F; let the current be a maximum when б» equals 45 deg. 
ia - ЗА. This would correspond in certain machines to a power 
C tc»1- of about 80 per cent and would produce a curve of leak- 


а. - . 

mcd 2 Mterlinkages, x, shown in Fig. Зв. The dotted curve 

" “tes the leakage which would exist if the rotor iron were 
ТА талли 


апа xx analysis of the curves of interlinkages shown in Figs. 2B 
these P discloses an interesting and very important fact: that 
«curves as shown in Figs. 2c and 3c, are made up prin- 

S М of a fundamental and a large third harmonic, all other 
3.pp, mies being negligible; and that since in a Y-connected 
rem, *A-5xe machine the third is eliminated, the fundamental alone 
con, = for consideration is such machines—which probably, 
An T> же 95 per cent of all that аге now being manufactured. 
the «уеп in two-phase or A-connected three-phase machines 
tha, < fective results are much the same. Experience has been 
pra с he short-circuit characteristic апа saturation curves show 
ісаПу the same value of reactance in the same machine 


cipal 1 
h 


— 
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whether it is connected Y or A. The probable explanation of 
this is that in A-connected or two-phase machines the current, 
especially under short circuit, is not a sine wave, as it is for Y- 
connected machines, but instead, contains a negative third 
harmonic, as shown in Fig. 4. This operates to lower the peaks 
in Fig. 2B, that is to decrease the third harmonic in the re- 
actance. And although, of course, the effect of the remaining, 
decreased third harmonic in the reactance voltage is to restrict 
the flow of current at certain points of the cycle, and therefore 
produce a current of smaller average value than would exist if 
the third harmonic were eliminated, nevertheless the form factor 
of the resulting peaked wave shown in Fig. 4, (Plate LI) is corres- 
pondingly higher, that is, the ammeter will read correspond- 
ingly higher, and therefore show in this case about the 
same reading for sustained short-circuit current as would be 
shown in the case of a Y-connected machine. In general, then, 
it is necessary to consider only the fundamental in the tooth- 
tip leakage. 

The salient pole construction, which is the cause of the large 
third harmonic mentioned above, is therefore, in effect replaced 
by a continuous rotor of uniform reluctance, which 15 greater 
than that of iron but lower than that of air, and which 15 different 
for different power factors, being lower at high power factor. 
This is obvious from a comparison of Figs. 28 and Зв. 

At high power factor, an interesting circumstance arises. In 
addition to that component of the fundamental of the tooth- 
tip leakage which is in phase with the current and which there- 
fore produces a reactive voltage lagging behind the current by 
90 deg., there is also a cosine term, leading the current by 90 
deg., which produces a reactive voltage in phase with the current. 
This has important significance in the matter of field excitation 
required under load, as pointed out later. 

Grav's value for the tooth-tip factor 1s based on a root mean 
square of instantaneous values of a curve somewhat similar to 
that shown in Fig. 2в., the principal difference in the curves 
being that Fig. 2B., takes account of the distribution of the coils 
in the phase belt. Being based on the root-mean-square and 
neglecting the spread of the phase belt, Gray's value for this 
factor is approximately 100 per cent higher than that given in 
this paper, and does not take account of the in-phase component 
of reactive voltage, or of the effect of the distortion of the 
magnetic field—both of which occur under watt load. 
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The third difficulty involved the conception that on а polv- 
phase machine, the self-induction of the armature is a poly- 
phase, not a single-phase phenomenon; and that therefore the 
reactance per phase of the same machine, connected three phase 
in one case, two phase in another, would be approximately 1.5 
times the single-phase value in the former, 1.0 times the single- 
phase value in the latter. [п other words the magnetic field of 
self-induction is a rotating polyphase field just as is the field of 
armature reaction, and the resulting overlapping of phase pro- 
duces greater leakage interlinkages іп any particular phase of а 
three-phase machine than would exist by the m.m.f. of the 
phase alone. For instance, in a three-phase machine, when the 
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Fic. 5B Fic. 6B 
MUTUAL INTERLINKAGES—POLY- SLoT LEAKAGE IN THREE-PHASE 
PHASE MACHINE MACHINE 


current is maximum in phase A, it is one-half maximum in B 
and C. The increase of interlinkages in A, due to B and C, 
is shown in Fig. 5a. For two-phase, the current is zero in B 
when a maximum in А, and moreover they are displaced in 
space so that the mutual interlinkages must be zero at all times 
as shown in Fig. 58. 

Unless this fact is taken into account when considering three- 
phase machines, the calculated value, which is the reactance per 
leg, will be only two-thirds as large as the test value, unless some 
of the factors in the reactance equation are overburdened to 
make up the difference. Then, obviously, the formula would 
not applv to two-phase machines; it would give calculated re- 
sults 50 per cent too high. This is just what had happened 
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during this investigation. Bv using Gray's formula moditied 
bv Fechheimer’s “Short Pitch Factor", calculations checked 
fairly well on certain classes of three-phase machines, but not on 
two-phase. The factor of tooth-tip leakage being 100 per 
cent too high and the other factors being approximately right, 
made up for neglecting the increase of 50 per cent on the total, 
and naturally made two-phase calculations too high. By using 
the proper value of tooth-tip leakage, and allowing for the poly- 
phase action, the equation applies equally well to three-phase, 
two-phase and single-phase machines. 

There 1s, however, one term of the reactance БЕТІН which 
is not affected by the mutual induction of phases, namely, the 
slot leakage. Fig. 6a shows the three different phases of a 
two-slot per pole per phase machine, and the slot leakage which 
exists when the current is a maximum in the middle group, one- 
half maximum in the other two. Fig. бв is equivalent to Fig. ба, 
and it is clear that the interlinkages of the middle group have not 
been increased by the m.m.f. of the other two groups. The 
same reasoning can be applied to other instants, when the 
currents have different values, to stow that there is no mutual 
induction. This operates to reduce the ratio of three-phase to 
single-phase (terminal to neutral) reactance to a value slightly 
lower than 1.5. 

It is not obvious at first that this overlapping of phases oc- 
curs in the case of tooth-tip leakage. Consider, however, that 
the elimination of the third harmonic in this term, in effect 
produces a path of uniform reluctance (similar to a path of air 
only having lower reluctance) for the tooth-tip leakage. In 
other words, the case is similar to that of the end winding 
whose leakage path is air, or to that of the induction motor, 
rotating main field. And, as in the two latter cases, the poly- 
phase field is greater than that produced by one phase alone by 
about 50 per cent, as shown in Fig. 5А. 

Turning to the question of applying the reactance in the cal- 
culation of field excitation required under load, experience has 
demonstrated that the use of the zero power factor value of re- 
actance (that is, the value determined from open-circuit and 
short-circuit test) gives reasonably reliable calculation of field 
current for loads of any power factor. Why this could be true 
when the reactance at 80 per cent power factor 1s, by reason of the 
different pole position when the current 15 a maximum, about 
60 per cent higher than that at zero power factor, was a perplex- 
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iny question. It is answered by the appearance of the in-phase 
component of reactive voltage in the tooth-tip factor. TherJ 
drop is in phase opposition to the current; and the voltage con- 
sumed by it is in phase with the current. The х: І drop, pro- 
duced by leakage interlinkages in phase with the current, is 90 
deg. behind the current; and the voltage consumed by it 15 90 
deg. ahead of the current. The x; J drop, produced by leakage 
interlinkages in phase with the current, in 90 deg. behind the 
current; and the voltage consumed by it is 90 deg. ahead of 
the current. The x; I drop produced by leakage interlinkages 
90 deg. ahead of the current, as shown in Fig. 3c, is in phase 
with the current; and the voltage which it consumes is in 
phase opposition to the current. Fig. 7 shows these relations 
for approximately 80 per cent power factor, and makes clear 
why the internal voltage Еу, determined by the use of the zero 
power factor reactance, is practically the same as E, which is 

PR actually required by the much 
буле a higher reactance, corresponding 
о ие ii to 80 per cent power factor, the 


E internal а obt oed ^1 ine 
ее effect of the latter being miti- 
6" terno! Vo/toge obtaned 


by using 0827 Š ; gated by the in-phase compon- 
"eoctonce x,e x, с N " 
£ i$ approximately equal to £? ent х 1. There is а difference in 


Fic. 7—VoLrAGE Dracram at Phase between Ev and E, which, 
80 PERCENT Power Елстов by using the zero power factor 
value of reactance, will give a 
calculated excitation slightly too low, but for practical pur- 
poses the difference is considered negligible. š 
In the interest of simplicity and convenience in calculation, 
therefore, it is proposed that for the present at least, the zero 
power factor value of reactance be used. The method of cal- 
culating field excitation which is given in this paper follows that 
assumption. In the füture it may become desirable to make 
correction for the distortion angle and power factor; hence the 
problem remains open to this further refinement. 


CALCULATION OF ARMATURE REACTANCE 


А = effective armature reaction in ampere turns per pole 

a — conductors per slot; for a double layer winding a is 
twice the number of turns per coil. 

C = air-gap coefficient based on Carter's fringing coefficient. 

c = number of circuits in multiple in armature winding. 

C, = reduction factor for Ф, at zero power factor, depending 


on ratio of pole arc to pole pitch. 


- 
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C; = reduction factor for Ф; at zero power factor, depending 
on ratio of pole arc to pole pitch. 
Сі = 1.5 С; Юг three phase 
= C; for two phase. 
С, = 1.5 Ca for three phase 
= Са for two phase. 
d, = distance from top of copper to bottom of copper in 
the armature winding Fig. 8. 
d, = distance from top of copper to armature face Fig. 8. 
e = voltage per phase 
f = frequency in cycles per second. 
g = average air gap. 
I = current per phase in amperes 
1 = instantaneous value of current in conductor 
К = reduction factor for Ф, Ф; and Ф, depending on pitch 
of armature coils. ` 
Ка = factor for effect of distribution of armature coils in 
calculation of induced voltage, depending on slots 
per pole and phase. 


TABLE II—Vatugs oF Kg 


5 1 2 3 4 5 6 7 8up 
Ка — Three-phase 10 1.035 1.043 1.044 1.045 1.046 1.047 1.047 
Ка  Two-phase 1.0 1.083 1.098 1.103 1.106 1.108 1.109 1.11 


К; = factor for Ф; depending on slots per pole and phase. 
K, = factor for effect of short pitch of armature coils in 
calculation of 1nduced voltage. 


1 
i io Sin (90? хр) 
where f is pitch of coil in per cent of full pole pitch. 
Ky = factor for effect of form of flux wave shape in calcula- 
tion of induced voltage. Values of Kg are given іп 
Fig. 20. 
І. = length of one phase belt of end connections. 
[ = gross stacked length of armature core (iron + ducts) 
N, = total number of stator coils 
п = number of phases. 
p = per cent pitch of armature winding (= 0.8 for 80 per 
cent pitch) 
g = number of poles 
s = slots per pole and phase. 
w, = width of slot 


1918] DOHERTY AND SHIRLEY: REACTANCE 835 


u, = width of tooth at armature face. 
For w, and w, see Fig. 8. 
reactance in ohms 
armature reactance in per cent. 
ratio of pole arc to pole pitch 
pole pitch at armature core surface. 
flux per pole in maxwells. 
effective tooth tip interlinkages per phase belt per 
ampere conductor for unit length of armature, 
when the entire phase 
belt is between the 
poles. l 
a = effective instantaneous 
value of %,. 
$, — effective end connection fis 9 o. 
interlinkages per phase 
belt per ampere con- 
ductor for unit length 
of phase belt of end 
connections. 


> 
ез & 
ll 


d, 


| Fic. 9c 


ARMATURE LEAKAGE FLUX 
Fic. 8—SLoT DIMENSIONS. DIAGRAMS 


Ф; = effective tooth tip interlinkages per phase belt per 
ampere conductor for unit length of armature, when 
the entire phase belt is under a pole. 

= effective instantaneous value of Ф;. 

effective slot interlinkages per phase belt per ampere 

conductor for unit length of armature. 
у = electrical angle by which the armature coil span is, 
less than 180 deg. 
Theory. The armature leakage flux in an alternating-current 
generator may be divided into three factors. 
(1) End connection leakage flux, represented by Ф, Le the 
effective flux per ampere conductor interlinking one phase belt 
of end connections. (Fig. 9 A). 


$ 5 
І 1 
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(2) Slot leakage flux represented by Ф,, the effective flux per 
ampere conductor through the slot interlinking unit length of 
one phase belt. (Fig. 9 B). 

(3) Tooth tip leakage flux represented by 

(a) Ф;, the effective flux per ampere conductor, crossing the 
air gap into the pole face and returning across the gap and inter- 
linking unit length of one phase belt, when the entire phase belt 
is under the pole. See Fig. 9C. 

'(b) 4,, the effective flux per ampere conductor emerging from 
the tooth tips and interlinking unit length of one phase belt when 
the entire phase belt is between the poles. See Fig. 9c. 

The expression for reactance has been derived by a number of 
writers, and may be expressed in our notation by the following 
equation: 

2 2 42 
«= 2tfeed' 1, (1) 

Where Lo is the sum of the interlinkages per ampere con- 
ductor in the phase belt reduced to the equivalent of unit length 
of the armature‘. 


2т } 5? а?4 і 


The factor TTE will be replaced by M in the fol- 


lowing derivation. 

End Connection Leakage. Тһе theory of end connection leak- 
age can only be approximated, but the value of Ф, L, is evidently 
between the following two limits. 

The first limit assumes that the length of the path around the 
phase belt varies directly as the width of the belt. 

Then a 

Ф, = К’ — 
5 


The second limit assumes that the length of the path is inde- 
pendent of the width of the belt. 
_ Then Ф, would be constant. 
The length of the phase belt in either case will be pr K”. 
. The actual variation of $, with the width of the phase belt is 
therefore between the reciprocal of the zero power and the 


reciprocal of the first power of d 


The analysis of tests for 


entire armature reactance on over 100 machines, as well as 
4. Electrical Machine Design, Gray Edition 1913, p. 21. 
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exploring coil tests for end leakage reactance on а 125-Ку-а. 


generator indicates that Ф, varies approximately as V == 


that 15 "-— VIEN 
ы T 


Then $,L, = K Vnp Ут 
For a three-phase double-layer winding, and dimensions in 
centimeters, K Vn = 2.8 was found to give satisfactory results. 
The factor for a two-phase two-layer winding will be reduced 
in the ratio of v2 and by the factor 0.667 on account of the 


V3 


polyphase effect as explained in the first part of this paper, and 
will be 1.6 in round numbers. 
The end connection reactance for a double-layer winding will be 


2.8 Мр ут 


Я SGS Three-phase (2) 


For a single-layer winding the value of Ф, L, will be doubled 
as proposed by Gray. 

Slot Leakage. "Three-phase pitch between 66.66 and 100 per 
cent. "The expression for slot reactance with short-pitch arma- 
ture winding was derived by Fechheimer5, and is used with a 


correction in the number of А and B coils, which 15 AE Y 
; N, y QE 
instead of ^3 x 180 as given in his paper. 


Omitting the factors for the top of the partially closed slot and 
modifying for our notation, the expression for inductance of 
open slots becomes 


19 а, 3 а) Му 
= 2 р а В 
о ІС w 18 20,)3х60 | 
та Bh) MY м жуба а 
FEET: 3x60 T ;( 60 [ux T (4) 
6. Fechheimer 'Synchronous Motors" A. I. E. E., Vol. XXXI, 1912, 
p. 580. 
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Simplifying 
d, | 5) 2 | 
9 2 hui ай m ЛА лс. 
L 04 va! М, [ (1 - 25) ee + (1 240] w, (5) 


-u= |(O- заза (Mae) ө 


The derivation of this expression in the above paper omits 
the allowance for the out of phase component of the reactive 
voltage induced in one phase by the half coils of another phase 
in the same slot. "The final expression however is correct as it 
can readily be seen by reference to Fig. 10, the reactance com- 
ponent of E;, the voltage induced in phase one by phase two, 


ES 
TA 
ДИ атаана | | 


0 
Tp 
ot LL I tii i | 


Fic. 10— MUTUAL INDUCTION 
р. 8 cer D mina ER ad 


IN SHORT-PITCH ARMATURE 
WINDINGS Fic. 11 


will be exactly balanced by the reactive component of E, the 
voltage induced in phase one by phase three. 

For simplicity and with very little decrease in accuracy, we 
may replace the two short-pitch factors in equation (6) by an 
average value K from Fig. 11. 


Then | х= м 25 к( + (7) 


Pitch below 664 per cent. 

Following Fechheimer's method with the correction for num- 
ber of half coils, the expression for reactance where the pitch 
is less than 664 per cent will be 


s = MOST | (1.187 Ж) (125- 2) | (8) 
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Replacing the two factors by an average value K from Fig. 11 


мока à) ' 


Two phase. 

Pitch between 50 and 100 per cent. 
The expression for two-phase slot reactance with short pitch 
derived by а similar process is 


к= м | ( Е ment (1- m) а | (10) 


Using an average value of reduction factor from Fig. 11 


— (DE) (11) 


3 w, 10, 


Tooth-Tip Leakage. The tooth-tip leakage may be most con- 
veniently calculated by dividing it into two components; the 
effective leakage flux around the part of the phase belt opposite 
the iron of the pole face (maximum value Ф;); and the effective 
leakage flux around the part of the phase belt between the poles 
(maximum value 4,). 

The values of Ф; and Ф, for a complete phase belt were deter- 
mined by Gray.* His method has been followed for Ф; except in 
determining the area of the path across the air gap, which he 
gives as the tooth width multiplied by the length of armature 
and the air gap coefficient based on Carter's fringing coefficient. 
The leakage flux will fringe in almost exactly the same way as 
the field flux, hence the area of the air gap should be the length 
of armature times the tooth pitch divided by the air gap co- 
efficient, Fig. 12в expressed in our notation. 


wtw, for one and two slots per pole and 
= phase. 


2 E C (12) 
Following Gray's derivation, it will be found that for higher 
numbers of slots per pole and phase 


m (qu 520) 
Ф; ОА тк. (SA 


Ф; = 04 т 


(13) 


А curve for К; plotted against slots per pole and phase is 
given in Fig. 12. 
Gray's expression for Ф, has been adopted without change, 


6. Electrical Machine Design, Gray Editionf1913, p. 220. 
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and simplified by assuming w, = w, which gives a definite 


value of Ф, for any given value of slots per pole and phase. 
$, plotted against slot per pole and phase is shown in Fig. 12. 


—— HE 
ЕШ 
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ISL l Е 


АТ 


ЖЕЗ 
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Р ái в 
Pa 
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sm a= 
AJMAN 


10 
S*S/ots КИЗ > per pnose 
Fic. 12А 


Modification of Ф; and Ф„ by Definite Pole Construction. It 
should be noted that Ф;, would be the leakage flux per ampere 
conductor in the phase belt, if the phase belt were opposite the 


nS « Slot Wit) 
179° Stator Jocth Pitch ot foce 


ЖЖ G= Average Air боо 
с” Ғғ бар CoefZ;c/ent, 


% 04 08 42 46 20 2.4 28 32 36" 40 
Иез о” z2 


Fic. 12в 


pole face iron throughout the cycle. Also Ф„ would be this leak- 
age flux 1f there were no iron in the tooth-tip leakage path. The 
actual condition is a path partly iron and partly air and varving 
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in proportion of air and iron during the cycle. "This condition 
may be approximated by calculating the interlinkages in the 
iron part of the path, and also the interlinkages in the air part of 
the path. The ratio of the former to %,, and of the latter to Ф, 
will be reduction factors to be applied to Ф; and Ф, in calculating 
the reactances due to tooth-tip leakage. The actual tooth-tip 
leakage will be obtained by adding the two parts as calculated 
in this way. 

The general theory of the variation of Ф; and Фа at zero power 
factor has been discussed in the first part of this paper, and it 
will now be applied to the actual calculation. 

The instantaneous values of leakage flux $; z vary from zero 
when the current is zero (Fig. 134 position a) to a maximum 
approximately where the pole begins to leave the phase belt 
(Fig. 13 position b) and then decreases to zero where the phase 


Past Position b Розгоготс 
ра с yo > оегепб•/0 


Fic. 13A— DIAGRAM ОЕ POLE Positions Ес. 13p— Гоотн- ТІР LEAKAGE 


belt is entirely between the poles. (Fig. 13a position c). The 
instantaneous value of leakage flux ġa 7 is zero when the current 
is zero, and remains zero until the pole begins to leave the phase 
belt, after which it increases gradually to a maximum where the 
current is a maximum at 90 deg. Obviously the curves for 
$: 1 and фо $ are symmetrical about the 90 deg. axis. Fig. 14. 
The values of ф;1 and ф. : for complete distribution of the 
armature winding were calculated Ъу the following methods. 


Tooth-tip Leakage фа 1 
For one ampere in the phase belt and unit length of phase belt 


the m. m. f. at x (See Fig. 13B) is 


2 x 2nx 


= =^* (14) 


m. m. f. = 
= 
n 


where n = number of phases 
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and T = pole pitch 


2nx dx 
dec (16) 
TT 
Let effective interlinkages due tod $ = d$, 
Then d$, = а (17 ` 
ГЕ 
лал b ga (18) 
T TT 
B 2n x 5 
ec er EE 4 cf (19) 
T T 
0 0 
: п? а \ 
= 040 Z (2) + с (20) 
Fora = 0 ф„ = 0 Hence C = 0 
2 
n? a 
$, = Ат (=) (21) 
for one centimeter of phase belt. 
2 
n? a 
Ф. -22%; (+) ae) 


for one inch of phase belt. 


For the special case of three phase and where a is expressed as 
a per cent. of 7. 


фа = 4.6 a? for one inch of phase belt. (23) 
| Tooth-tip Leakage ф; 1 
Referring to Fig. 13в 


2yn 
T 


m. m. Ё. = 


(24) 


Let рь = average air gap over b. 


2yn dx 
d = .4 a ——— 
$ 0.4 T Ор, (25) 


м | 
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Let effective interlinkages due tod $ = d Q; 
2yn 


d Qi = zm d ф (26) 
0.4 т 2 я? 
b/2 
2 2 
$i = 04 т — [ve (28) 
0 
b/2 
9 2 
SUE EHI (29) 
Ату = 0 Фф; = 0 hencec = 0 
n? bš 
ó; = 04 7 12 рт? (30) 
Where b and р are expressed as a per cent. of T 
n? b? 
ф: = 047 12 gi (31) 
per centimeter of phase belt. 
п? b? 
per inch of phase belt. 
For three-phase and one-inch length of phase belt. 
р? 
ф; = 24 21 (33) 


The area of leakage path across the air gap in actual machines 
will be reduced due to the effect of armature slots and this will be 
allowed for by the introduction of the air gap coefficient, C, 
given in Fig. 12B. 


2.4 E 
ф; = . Се» 


(34) 


The derivation of the actual values of ó; z and $441: will be 
illustrated by an example for three phase where о is 663 per cent. ; 
the minimum gap is 1.5 per cent of the pole pitch; and the 
ratio of maximum to minimum gap is 2 to 1, giving an average 
gap of approximately 2 per cent of the pole pitch. Average 
values of air gap coeficient will be assumed. The armature 
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winding will be assumed to be completely distributed. Table 
III gives the calculation of ф; + and фа? as the current varies 
through 90 deg. calculated from the formulas. 


bš 
ф; = 2.4 — from (83) 
C g» 
da = 4.6 а? from (28) 
TABLE III. 
e| b £p C P | Се | $, a a | Ф. í |*% ijo s 
0.333 |0.0165| 1.09 0.036 |0.018 |4.76 | 0 0 0 оо [о 
15 10.333 |0.0177| 1.09 [0.036 |0.0193]4.43 | 0 0 о [0.26 (1.15 | 0 
30 [0.333 |0.0188| 1.08 0.036 (0.204 [4.2 0 0 о |о0оз |21 | 0 
4510.25 |0.0196| 1.08 00.0156 0.0212|1.75 0.083 |0.007 |0.032 0.71 1.24 |0 023 
60 [0.167 |0.020 | 1.08 |0.0047|0.0216/0.52 0.167 |0.028 |0.128 0.87 0.45 |0.111 
75 10.083 |0.023 | 1.07 |0.006 |0.0246|0.06 10.250 |0.063 |0.29 |0.97 |0.06 |0.28 
90| 0 [0.027 | 107 | 0 .. | o 10.333 [0.110 [0.505 (1.0 | .. [0.505 


Dimensions are expressed as per cent of pole pitch. 
Average gap = 0.02 


0.3338 
% = 24-108 х 002 ^ 408 
Ф, = 46 X 0.333? = 0.505 


Fig. 14 shows the above values of фи and фи, and the total 
tooth-tip leakage over 180 deg. "These waves were analyzed for 
harmonics and the equation is given in the figure. The funda- 
mentals only are plotted. 

It will be noted that the third is the most important har- 
monic, and since the third harmonics cancel in the terminal 
voltages of star connected three-phase machines, the effect of 
only the fundamental needs to be considered. It is obvious 
from the equation in Fig. 14 that the higher harmonics may be 
neglected without introducing any appreciable error. 

C; will be the ratio of the maximum value of the fundamental 
of ф; Fig. 14 to the value of Ф; that is, 


0.89 
С; = 408" 0.218 
Similarly 
G s 0:22 0435 


0.505 
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Іп the derivation of C; and C, a sine wave of armature current 
has been assumed. This is very neatly the case with a star- 
connected machine, and as has been explained before the short- 
circuit current, the current as read on an ammeter is prac‘icaliy 
equivalent to that with star-connection for the same field current. 
The values of C; and C, as derived for star connection may there- 
fore be used for delta connection, even though the current is nct 
a sine wave in the latter case. 

The values of C; and C, were calculated for complete distribu- 


Fic. 14 
ф; = .89 sin Ө + 1.22 sin 3 Ө + .29 sin 5 0 — 15 sin 7 6 
—.18 sin 9 Ө — .06 sn 11 0 
ф. = .22 sin Ө — .13 sin 3 0 + .06 sin 5 0 — .04sin7 0 
+ .04 sin 9 0 — .01 sin 11 0 
Pi + фа = 1.11 sin + 1.09 sin 3 Ó + .35 sin 5 0 — .19 sin 7 0 
— .14 sin 9 Ө — .07 sin 11 Ө 


tion of the armature winding with various 1atios of pole arc to 
pole pitch for three phase and two phase by the method shown in 
Table III, and are given in Fig. 15. 

The variation of C; and C, with distribution of the armature 
winding was investigated and it was found the results obtained 
by the application of these factors С; and C, to Ф; and Ф, would 
give practically correct results when applied to the case of one 
slot per pole and phase. It is evident that there is just one leak- 
age path around the coil in the case of one slot per pole and phase, 
and this path will be partly through the pole face iron and partly 
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through air, but the length of path in each will vary as the pole 
moves along. The total interlinkages were calculated over 90 
deg. for this condition and the waves analyzed. It was found 
that the ratio of the fundamental of the total interlinkage wave 
in this case to the value of Ф; + Ф, was practically the same as 
the ratio of C; $, + C, Ф to Ф; + $a, that is the values of С; 
and C, derived for complete distribution apply also to one slot 
per pole and phase. 

It is very important to note that while the values of C; and 
Са do not change with distribution, Ф; and Ф, do show a large 
variation. 

The polyphase effect in tooth-tip reactance has been discussed 
in the first part of this paper and is taken into account by in- 
creasing the values of C; and C, с, 
by 50 per cent for three phase. % 
For two phase the values of Cj 
and C, are used as calculated for os 
one phase of the winding. 

Let C; be the factor by which os 
ф; is multiplied to obtain the 
effective interlinkages per am- o4 
pere, and C; be the factor for $, 
Then 

С, = 1.5 Ci for three phase 
= С; for two phase p | 

1.5 C, for three phase atio Pole Arc LO Poke Dich 
C, for two phase Fic. 15—VALUES OF С; AND Ca 


C; 


It will be noted that the values of C; and C, are not the same 
for two phase as for three phase. 

The factors С, and C; for both three phase and two phase 
are plotted against ratio of pole arc to pole pitch in Fig. 16. 

The reduction factor for tooth-tip reactance is the same as 
that for the slot reactance above the conductor, but may be 
taken as the average factor K for Fig. 11. 

Reactance Formulas. 'The various factors of the reactance 
formula may be combined to give the following equation. 


For dimension in centimeters. 


27 f sta? 91 m 


= 108 с? 
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Slot Tooth Tip ` 
0.47 d, d: ) WtW ] | 
: (= т + = 0.47 C, K; 2-С + С.Ф, (35) 
T wo Phase 
End 
_ 2mfsa*q1 | 1.6 р Vr ie 
i 10? c? 1 
Tooth Tip 
047 у а 24 ERE 1} 
K|- - (sat — )+04 т С, KE + Сы. |) (86) 


РЕ 
11117 
АСА 
ШАТ E NE 
r И ЕШ 


Ir. tt dt tT j | || | | 1 
О а 
: 0-6 060 0.64 0.68 O72 
aFot/o pole orc to pole pitch 
Fic. 16—VaLvEs ОЕ С, AND C: 
REDUCTION FACTORS FOR Тоотн-ТіР LEAKAGE 
C; = 1.5 С; for three phase 
С; for two phase. 
1.5 Ca for three phase 
Ca for two phase. 


C» 


For dimensions in inches. 


Substitute 4.5 for 2.8 in factor for three-phase end leakage; 
2.5 for 1.6 in case of two-phase: and 3.2 for 0.4 in slot leakage 
and first factor of tooth-tip leakage. Use Ф, in lines per inch. 


Where x, — armature reactance per phase in ohms. 
f = frequency in cycles per second 
s — slots per pole and phase ; 
a =conductors per slot; for a double layer winding a 
is twice the number of turns per coil. 
q = number of poles 
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l =gross stacked length of armature core (iron J4- ducts) 
c =number of circuits in multiple in armature winding 
p =per cent pitch of armature winding (=0.8 for 80 
per cent pitch) 
T =pole pitch at armature core face 
К = reduction factor depending on pitch of armature 
coils 
d, = distance from top of copper to bottom of copper 
in the armature winding. Fig. 8 
d, = distance from top of copper to armature face Fig. 8 
C, = 1.5 Cifor three phase 
| = C; for two phase 
Cs = 1.5 C, for three phase 
= С. for two phase 
See Fig. 16 for С, and С, 
K; = factor for Ф, depending on slots per pole and phase 
w, — width of slot Fig. 8 


w, = width of tooth at armature face Fig. 8 
g = average air gap 
C = air gap coefficient based on Carter's fringing 
coefficient 


$, = effective tooth interlinkages from Fig. 12 
Reactance in Per Cent. It is very convenient to have the re- 
actance expressed in per cent and in terms of quantities easilv 
available from the design of the machine. 


Three Phase 


I x, 
Per cent reactance Ха = Р (37) 


(хь = 0.20 means 20 per cent reactance) 
Where J = current per phase 


X, - reactance per phase 
е = voltage per phase 
2.12 sat 
Armature reaction А = 2 K, Ka Koc (38) 
_ ёХ10°К„К4 Ky с 
Flux per pole Ф = 2.22 s a qf (39) 
Let Lo = bracket expression from reactance formulas (35) or (36) 
2 52 
u es жы S ME ior NES (40) 


105 c? 


1918] DOHBRTY AND SHIRLEY: REACTANCE 849 


From (38) 


po 2 К» Ка ЖА а 


2.12 яа 


| _ 222saqf 
and from (39) е = K oK. K Ç + | (42) 


2 2 2 
Ix, _ 2.67 Кр Kë KA 1 Lo (43) 
€ Ф 
Two Phase 
Replacing the factor 2.12 in the armature reaction formula 
by 1.41 the formula for two phase becomes 
4. KA KT Kg? A I 


хы m EE A Le (44) 


Where Ka, and Lo are based on the two-phase curves and 
formulas. See reactance formula (36). 

Working Formulas. The expression for 
ш, + wi 

2g€C€ 
for dimensions in centimeters and 


Хра 


Ф; = 0.47 К, 


ш, + We 
3.2 К; a ЭШ 
for dimensions in inches may be simplified by assuming w, = wi 
and then a series of curves for Ф; plotted against the values of 
Ws; may be derived for different values of slots per pole and 
phase. The curves are given for dimensions in inches in Fig. 17. 
The working formulas for reactance with lengths expressed in 
centimeters are as follows: 


Three Phase 
End "E 
2.67 (K, Ka K4): À l 28р VT 
i аи coco Е и 
Slot Tooth Tip 
"E es) | 
Е (= + + 0.39 (СФ; + С, $) "m 


Two Phase 


nd 


4.(K, Ka K4} АІ [ 16р VT 
V rc NGC GM СЕ ME 


к [32 (t+ +) + 0.39 (С, + + С. | } те 
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Note that factor 0.39 is introduced in the tooth-tip leakage 
because Ф; and Ф, in the curves are expressed in lines per inch 


length of core. 


V Nel SS URS 
АХ 


2 


и | 


А 


Assurne slot width eau 
to tooth width 


For dimensions in inches. 


End 
2.67 (Kp, KaK,)! Al [455p Ут 
Хм C NN I * 


Fic. 18—ExciTATION DIAGRAM 


Slot Tooth Tip 


K E (i +2) + С.Ф; + G, $, ] 


$ dw 


(47) 
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Two Phase 
End 
40 (K, КаК)? Al 25p VT 
2l ers тз 
. Slot Tooth Tip 
«(за +H) + cnt en ]] 
[T (s + : 2% (48) 


See Fig. 11 for K, Fig. 17 for Ф;, Fig. 12 for $, and Fig. 16 for С, 
and Co. 

 Reactance Curves. The formula may be still further simpli- 
fed by assuming average values of 41, d, and w, for a certain 
narrow range of slot pitches. А series of five curves covering 
the ordinary ranges of slot pitches, and giving values of end, 
slot and tooth-tip factors as a function of the slots per pole and 
phase are given in Figs. 204, 20в, etc. The curves will give the 


F; 
4 
Fic. 194— M. м. F. DIAGRAM FOR Fic. 19в— M. м. F. DIAGRAM FOR 
OVER-EXCITED MACHINE UNDER-EXCITED MACHINE 


accuracy necessary for most calculations of reactances and make 
the work quite simple. 

Reactance of Non-Salient Pole Generators. The reactance of 
turbine generators, the most common type of non-salient pole 
machines, was calculated by assuming the ratio of pole arc to 
pole pitch to be the ratio of the unslotted pole centre to pole 
pitch. Since practically all machines of this type now have 
five ог more slots per pole and phase, the expression for Ф; was 
simplified by substituting in equations (35) and (36) the value 
of К, expressed as a function of the slots per pole and phase. 


That is К; = 0.625 + 0.156 s (above s=4) (49) 


With a ratio of pole arc to pole pitch of 33 per cent, an ap- 
proximate average for turbine generators, the value of C, is 
0.075 for three phase and 0.035 for two phase, and C; is 1.32 for 
three Exhase and 0.60 for two phase. 
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Three Phase 
w w 
C,&, = 0.075 (0.625 + 0.156 s) 0.4 т e T ts Ж 
WP ¿ 2¢C (50) 
in lines per centimeter. 
104 M ТТЕ "EDITUITIE 
au E i Y$ IS Si 8 8 q А ТАСЫН [ЁЛЕ [ЕЁ 
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fatio Pole Arc to Pole Pitch. 
Fic. 20 


Cy = 0.075 (0.625 + 0.156 s) 3.2 = (51) 


_ Allowing the approximation w, = xo, and simplifying we have 
in lines per inch. 
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REACTANCE OF THREE-PHASE ALTERNATORS 


K, К Al 
Percent Reactance Xp = E Қа K (1,9 + Ci L; + ro | 


(For 20% Reactance Xp = 0.20) 

K,, K, Ly, Lo. La, L4 and C are given by curves. 

А = A T armature reaction per pole. 

Ф = magnetic flux per pole in maxwells. 

4 = gross length of armature in inches (iron + ducts). 

Ф = arm. winding pitch (0.8 for 80 per cent) 

+= flux distribution factor (see curves) 
Curves for Slot Pitch 0.9 to 1.1. Two-Layer Windings. 
Por Sixagle-Layer Windings multiply L; by 2.0 and use K = 1.0. 


Digitized by Google 


854 DOHERTY AND SHIRLEY: REACTANCE [June 28 


nier 
„= жаза 


422»? 


тана va 
НЕ! Wa 
HHHH 


ü j yp pa I BE Bi Pë S Gl cw 
‚амаи тт ж 
B LLLLLLLILLLILILLALI LI 
urne mE S DS 8 ES Er ES BG Bš % 8 FS PE 58 PS NE 18 ЫЫ 
ЕЕ PP lid bab e Rn b RH n ts 
ea LL ш а LLLA E LA CUI 


88722222322 
EE p e e ebbe Hen» 
Е интим --HFHHHHHHHRÉ 
та tig bette LE 
Lá о LLL T 


ІНІ 


4 $ 
а АСР MM ZR 
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REACTANCE OF THREE-PHASE ALTERNATORS 


2 
EET ка +C L +1 | 


Percent Reactance Хр = 


(For 20% Reactance X, = 0.20) 

К,, K, Га, Ls, L4 and С are given by curves. 

A = A T armature reaction per pole. 

ф = magnetic flux per pole in maxwells. 

[ = gross length of armature in inches (iron + ducts). 

p = arm. winding pitch (0.8 for 80 per cent) 

Кф = flux distribution factor (see curves) , 
Curves for Slot Pitch 1.1 to 1.3. Two-Layer Windings. 
For Single-Layer Windings multiply L, by 2.0 and use K = 1.0, 


Ld 
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REACTANCE OF THREE-PHASE ALTERNATORS 


К, Кф AI 
ф 


Percent Reactance Х› = les Lı + К (Ls + С: 1: + Lo | 
(For 20% Reactance X, = 0.20) 
к, К, Li, L2, La, L4 and С are given by curves. 
= A T armature reaction per pole. 
= magnetic flux per pole in max wells. 
— gross length of armature in inches (iron 4- ducts). 
= arm. wiuding pitch (0.8 for 80 per cent) 
Gace К = flux distribution factor (see curves) 
Por irs fer Slot Pitch 1.3 to 1.5. Two-Layer Windings. 
D&le-Layer Windings multiply Lı by 2.0 and use K = 1.0. 
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Percent Reactance X, - m x r + K (Ls + С, L: + Lo | 


(For 20% Reactance X, = 0.20) 

K,, K. L1, La, Ly, L4 and С are given by curves. 

A = A T armature reaction per pole. 

ф = magnetic flux per pole in maxwells. 

| = gross length of armature in inches (iron + ducts). 

b = arm. winding pitch (0.8 for 80 per cent) 

` K = flux distribution factor (see curves) 

Curves for Slot Pitch 1.5 to 1.9. Two-Layer Windings. 
For Single-Layer Windings multiply L, by 2.0 and use K = 1.0. 
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(For 20% Reactance X, = 0.20) 
К... К, Lı, L3, L3, L4 and С are given by curves. 
= А T armature reaction per pole. 
= magnetic flux per pole in maxwells. 
l = gross length of armature in inches (iron + ducts). 
P = arm. winding pitch (0.8 for 80%) 
Cus % = flux distribution factor (see curves) 
Por Sy fer Slot Pitch 1.9 to 2.1. Two-Layer Windings. 
"NZI =-Гауег Windings multiply L, by 2.0 and use K = 1.0. 
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Ws 
C; Ф; = (0.059 + 0.015 5) aC 
in lines per centimeter. 
Ws 
Cı $; = (0.15 + 0.038 s) z С 


in lines per inch. 


С. фа = 1.32 X 0.198 = 0.26 line per centimeter 
= 1.32 X 0.50 = 0.66 line per inch. 
Two Phase 
Similarly 


С.Ф; = (0.0275 + 0.007 5) — 
g C 
lines per centimeter. 
10, 
С, $; = (0.07 + 0.018 5) gC 


lines per inch. 


C» Ф, = 0.12 line per centimeter. 


0.3 line per inch 


[June 28 


(52) 


(53) 


(54) 


(55) 


Substituting these values in equations (45), (46), (47), and 
(48) will give the formulas for turbine generator reactances. 

Application of Formula. The use of the reactance formulas 
will be illustrated by the application of equation (47) to a 6600- 


kv-a. three-phase 25-cvcle 14,000-volt generator. 
Example: 


s = 525 p= 82.5%, = 0.825 А 


т = 86.5 а = 0.698 w., = 1.125 
а, = 3.2 а, = 1.05 Ф = 47.8 X 10° 
K, = 1.04 Ka = 1.046 Ку = 1.016 


2.67 (1.04 X 1.046 х 1.016)? 11,00038 _ 
47.8 Б 


0.0283 


11,000 Р = 0.925 
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45p Vr 4.5 X 0.825 v 36.5 
—— = — ——————— = 0.59 
71 38 | 
3.2 di d4 ) - 3.2 3.2 i) = | 
Р Ë uw Тош 555 (5-2 1.125) = 119 
К = 0.885 КХХ 1.15 = 1.02 
Ww, 1.125 _ oL Е 
= 0955 = 122 é, 51 С, = 037 
КФ; С, = 51 X 0.37 X 0.885 = 1.67 
Ф, = 0.54 С, = 0.57 
К Ф, C, = 0.54 X 0.57 X 0.885 = 0.27 
3.55 
Хр = 0.0283 x 3.55 = 0.10 
= 10 per cent 


PART II 
TRANSIENT REACTANCE AND SHORT CIRCUITS 


À great deal of work has been done toward placing the phen- 
omena of short circuits upon a calculable basis, but there is much 
yet to be done. Diamant’s paper! reviewed historically the 
development of the theory underlying short circuits giving in 
detail the equations of Berg and Boucherot, and with some ex- 
tensions in the mathematics, gave an expression from which, if 
all the factors were known, the entire wave of instantaneous 
current, from the instant of short circuit until the sustained 
value is approached, might be predicted. The potential useful- 
ness of such an expression is obvious; but it is equally obvious 
to what extent its usefulness is restricted until all of the factors 
are known. 

This paper offers methods by which the factors may be cal- 
culated with practical accuracy on certain classes of machines, 
(those with salient, laminated poles without amortisseur wind- 
mg) Dut there are refinements yet to be made, and extensions 
to be worked out for other types of machines. 

Diarmant’s equation (26), which gives the curve of positive 
Crests, is perhaps the most practical form for the engineer’s use. 
D our notation and simplified for the condition of short circuit 


7. T wass. А. I. E. E., 1915, Vol. 34, p. 2237. 


B 2 


“ 
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occurring at zero voltage (7.e. wave completely offset, which must 
be assumed in most engineering calculations) is, 


i; = V2 (I,— L) ее + V2 D e + V2 I, 
= 1\ + 15 + v? I, 


о = alternating component? of short-circuit current = 5 
0 


E = voltage per leg. 

Xo = total reactance effective on sudden short circuit. This 
should be called transient reactance, as suggested bv 
Durgin and Whitehead? and by F. D. Newbury”. 


I, = sustained value of short-circuit current. 
ау = field attenuation factor, defined later. 
ад = armature attenuation factor, defined later. 
t = seconds after short circuit. 
For calculation, a convenient form is: 
Ist term, i = V2 (L, — 1,) Е ал 
V2 I mE 1, 
log. 9 ) = qat 
11 
2d tenn, in = VQ Го € а! 
V2 
log. E = Qal 


Fig. 21 shows the skelton thus derived. Bevond the ordinate 
A, when % is practically zero, the wave is symmetrical about 
the horizontal axis. The curve of negative crests between о and 
с can be obtained by plotting 1» from the zero line as shown by 
dotted curve n m. This may be then taken as the zero of the 
alternating component; t.e. make а = b at all points between о 
and m. 

With the curve shown in Fig. 21, the three questions which the 
designing engineer is asked, can be more accurately answered 
than in the past; namely, what is the first rush of current; what 
is the current at, sav, 14 or 15 second after short circuit, this in- 

8. Term proposed by Hewlett, Mahoney and Burnham, Proc. A. T. E. 
E., Feb. 1918, p. 46. 

9. TRANS. A. L. E. E., Vol 31, 1912. p. 1662. 

10. Elec. Journal, April 1914, p. 196. 
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terval depending usually upon the operating time of the circuit 
breaker; and what is the sustained value. 

The sustained value is easily taken from the design sheet by 
the well known method. The value of 7, is determined by the 
transient reactance, x». And it will be shown later that ay and 
€, depend upon x, and the resistance of field and armature 
circuits. | 

In the past, the rate of decrease of the current has been pre- 
determined by empirical curves, based upon oscillographic data, 
such as given by Hewlett, Mahoney and Burnham". After all, 
for commercial engineering work, such curves will still be used; 
but in their preparation or in the investigation of special cases, 
the above equation will be very useful. -But before those 


v2 
d in° V2 I, € “а 
| (" V2 (15-05) €7 7'* 
r 


Wave symetrica/ 
about horizonte! oxis 


£* Seconds after Short circuit 


orb 
Fic. 21—SHORT-CIRCUIT ARMATURE CURRENT 


Curves can be used, the generator transient reactance which 


adds directly to the external reactance, must be known. 
€ authors would make it clear at this point that they are 


not in agreement with conception given in Diamant’s paper, of 
what determines the first rush of current, and of what constitutes 
the factors а; and aq. He states that the initial value of the 
altemating component (crest value), which he calls (A + B), 

5 equal to the maximum phase voltage before short circuit 
divideq by the armature impedance, with good approximation." 

5 br Ought out in the following paragraph, this assumption 
would lead to serious error іп many cases. The matter of оу and 
% Wil) be discussed in subsequent pages. 


ll. E»goc. A. I. E. E., Feb. 1918. p 48. 
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Turning now to the problem in hand, the reactance which limits 
the initial short-circuit current in most synchronous machines 
is not the armature self-induction only; it is rather the com- 
bined self-induction of both the armature and field circuits. 
The calculated short-circuit current, based on the armature 
self-induction, is therefore higher, in some cases 40 to 50 per 
cent higher, than the actual short-circuit current. In salient, 
laminated pole alternators, in which the field leakage flux, that 
is, the self-induction. is large and in which rotor eddy currents 
are practically negligible, this difference is more pronounced 
than in the continuous rotor construction of turbine generators, 
in which the effective field self-induction is largely reduced by the 
distribution of the field winding and also by the solid steel rotor," 
or in salient pole machines with low resistance amortisseur 
winding. Hence in the latter two cases, as might be expected 
and as experience indicates, the armature self-induction is a 
reasonably accurate measure of the short-circuit current; and it 
is proposed, for the present at least, that this basis be used for 
these cases. This is not the point of view taken by Durgin and 
Whitehead" in 1912. Their conclusion, based on tests of a 
12,000-kw., 9000-volt, 25-cycle turbo-generator in the Fisk 
Street Station of the Commonwealth Edison Company, was 
that ''the short-circuit currents of alternators are limited by 
reactance much more complex and much higher than the self- 
inductive reactance of the armature." While the authors 
agree, as stated above, that this is true for alternators with 
salient, laminated poles, they submit that it is not true for 
many turbo-generators, as now ordinarily constructed, or in 
the case of salient pole machines with low resistance amortisseur 
windings. Tests in Table IV, confirm this. In the particular 
12,000-kw. generator the armature self-inductive reactance was 
taken as twopercent. The short circuits indicated about three 
times this value. The armature self-inductive reactance of the 
above 12,000-kw. generator as determined by the method given in 
the paper, 15 4.3 percent. This machine has laminated rotor face, 
which would allow the field self-induction to act. It is the 
author’s opinion, therefore, that the added field self-induction 
in this case made up most of the difference between the 4.8 per 
cent and the approximately 6.5 per cent which the test showed. 
Our point is this: That the conclusion, quoted above, which 


12. А. B. Field, TRANS. А. I. E. E., Vol. 31, Part 2, p. 1651. 
13. TRANS. А. I. E. E., Vol. 31, Part 2, p. 1657. 
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was arrived at in Durgin and Whitehead's paper is a little too 
broad. It does not correctly apply to alternators in general, 
certainly not to turbine generators with solid steel rotor con- 
struction, to single-phase generators with heavy amortisseur 
winding in the pole face, nor, it would seem, to generators with 
solid steel poles. In salient, laminated pole machines, how- 
ever, the field self-induction must be taken into account, and in 
the following considerations a method is developed by which 
this can be done. 

In order to establish a conception of the effect of armature 
and field self-induction, consider in part the phenomena which 
occur in an alternator under short circuit, and the fundamental 
principle involved. А closed electric circuit, without resist- 
ance, must persist magnetically in the same condition as at the 
instant of closing; that is, must contain, so long as it is closed, 
the same number of magnetic interlinkages. If the flux tends 
to increase or decrease, this will produce a current of sufficient 
magnitude to maintain the interlinkages which existed when 
the circuit was closed. This law determines, in a large measure, 
what happens under short circuit; because, although both the 
armature and field circuits actually contain some resistance, 
and the currents therefore die down in the familiar transients, 
Fig. 22, yet its effect during the first cycle or so after short cir- 
cuit is, for qualitative considerations at least, negligible. 

It follows that the flux linked with the field winding before 
short circuit must persist after short circuit; that likewise 
whatever flux is caught in the armature circuit at the instant of 
short circuit, must there persist; and that flux from the rotating 
field poles can not now enter the armature, $. e., can not change 
the magnetic interlinkages of the armature circuit. 

Consider a simple case of closed circuit in Fig. 23. The 
closed-ring conductor, without resistance, is moved from position 
a to the center of the magnetic field, ó, in b. This causes a 
current / in the ring—a current sufficient to produce around the 
leakage paths of the ring a flux equal to — $. This is illustrated 
hypothetically in с. But Jo in the ring in b tends to demag- 
netize the field. This requires a corresponding increase іп 
m.m.f. of the field coil, to maintain the flux $ linked with the 
coil. The result, as shown on b, is to force the flux around the 
ring. 

Suppose the ring is closed around the flux as shown in d. 
Then if the ring is moved to position in f, the result will be as 
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shown: the magnetic flux $ will remain linked with the field 
coil, as in d, and in addition, another magnetic field of equal 
value will be maintained around the ring by a current Jo, the 
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Fic. 23— DIAGRAMMATIC REPRESENTATION OF SHORT-CIRCUIT FLUXES 


same value, (assuming equal reluctance of leakage path), 
which was necessary in b. Force is required to move the ring 
from d to f, as shown by the distortion in e. The work done in 
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moving the ring is the energy stored in the new magnetic field 
around the ring in f. If the ring containing zero flux, as in a, 
were moved along in g, the current would rise to [о when under 
A, decrease to zero between A and B, and rise to — L; under В; 
in other words, an alternating current would be produced. If, 
however, the ring, enclosing the flux ф and containing the direct 
current Го, as in f, were moved as above, the current would de- 
crease to zero under A, rise again to L; between A and B, and 
reach 27, under B. In this case, the resultant current, varying 
from zero to 27, is made up of an alternating component and a 
direct component, the latter being equal to the maximum of the 
former. 

The events occurring in an alternator immediately after a no- 
load single-phase short circuit have thus been illustrated. The 
short circuit at maximum voltage is represented by the ring en- 
closing zero flux, the short circuit at zero voltage, by the ring 
enclosing the flux ф. Fig. 23e illustrates how a large alternating 
torque is produced when the short circuit occurs at zero voltage. 

A three-phase short circuit at no load is different from the 
single-phase short circuit in this important respect, that it 1s im- 
possible, three-phase, to have the short circuit occur when zero 
flux is enclosed in the short-circuited armature winding. The 
entire flux is at all times enclosed by some parts of the armature 
winding, and therefore in whatever position the field structure 
happens to place the flux when the short circuit occurs, there 
it must remain, a series of polar regions, stationary in space, 
while each field pole with its equal value of flux moves on 
These stationary polar regions of normal intensity, of course 
generate in the rotating field winding an alternating current of 
normal frequency, and of a maximum value in m.m.f. equal to 
the direct current which maintains the stator polar regions. 
That is, the flux, once intact through the entire normal mag- 
netic path is now literally torn apart at the air gap, and at 180 
electrical degrees from the instant of short circuit, forms two 
separate magnetic circuits, closing through the leakage paths 
between armature and field windings. At the end of one cycle 
the flux is again intact through the normal path. All the work 
which, during the first half cycle, was done on the field in tearing 
it apart, in actually establishing normal interlinkages in cir- 
cuits of much lower permeance than that of the normal circuit, is 
returned to the rotor during the last half cycle. The torque 
which accompanies this transfer of energy has been calculated 
by S. H. Weaver, G. E. Review, Nov., 1915. 
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Return to the question of the self-inductive reactance exist- 
ing at sudden short circuit. It has been generally understood 
how the armature self-induction limits the initial short-circuit 
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Fic. 24A4— DERIVED DIAGRAM OF MAGNETIC DISTRIBUTION OF SALIENT- 
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current; that is, how, if a machine has 10 per cent armature 
self-induction, normal armature current would cause flux through 
the armature leakage paths equal to 10 per cent of normal flux, 


Fic. 24B—DERIVED DIAGRAM OF MAGNETIC DISTRIBUTION OF SALIENT- 
PoLE MACHINE 


and that therefore on sudden short circuit, when (neglecting 
field self-induction) the total normal flux must be absorbed in 
the leakage paths, the armature current would have to rise to 
tentimes normal. It may not have been so clear how and to 
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what extent the field self-induction affected the short-circuit 
current. From the foregoing considerations and from an ap- 
proximate knowledge of the field leakage paths, it is possible to 
determine this point. The leakage paths have been approximately 
determined by plotting equi-magnetic potential lines as shown 
in Figs. 24a and 248. The flux must be at right angles to these 
lines. The entire flux emanating from field poles of different pro- 
portions is thus illustrated in these diagrams. Figs. 254 and 
25B show the graphically determined and actual magnetic dis- 
tribution of a 4-pole rotor with an iron plate bridging the poles, 
wooden blocks supporting the ends and forming an air gap. It 
will be noted that a large portion of the leakage flux emanates 
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Fic. 254— DERIVED DIAGRAMS OF MAGNETIC DISTRIBUTION OF FOUR 
PoLE MACHINES 


from the under side of the pole tip, which, we believe has not 
generally been considered in leakage calculations. In Fig. 25в 
the paths as indicated by the iron filings can not be traced to 
the pole body and to all of the under surface of the pole tip, on 
account of the field winding. But it is clear from the direction 
of the paths at the edge of the field winding that they will ter- 
minate approximately as shown in Fig. 25a. These figures of 
course do not show quite what the distribution would be if the 
rotor were placed in the stator. Then both the derived and 
actual distribution would be different, but not greatly different. 
This experiment was made to confirm the method. Fig. 26 - 
shows the distribution on a machine with a large number of 
poles. 
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Fig. 27A represents the distribution of flux at no load on a 
three-phase generator. А, B and C represent the different 
phase belts. Fig 27B represents the same machine with open 
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Fic. 274— DIAGRAM OF MAGNETIC FIELD AT No-Loap, EXCITATION ON 
FIELD 


field circuit, the field poles rotating synchronously in position 
shown, and with a three-phase current in the armature. The 
entire magnetic flux shown in Fig. 27s represents the syn- 
chronous reactance. All magnetic lines in Fig. 27B which 
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Fic. 273— DIAGRAM OF MAGNETIC FIELD AT No-LOAD— T THREE-PHASE 
EXCITATION ON ARMATURE FIELD REVOLVING AT SYNCHRONOUS SPEED 


do not link with the field winding represent the armature 
self-induction, or armature reactance. Likewise in Fig. 27a, 
that part of the field flux which does not link with the armature 
winding represents field self-induction, or field reactance. Just 
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as on sustained short circuit, the field current causes the ar- 
mature current to flow, and must therefore be greater in m.m.f. 
than the armature current, by the armature self-induction, that 
is greater in the ratio, | 
synchronous reactance at 
effective armature reaction 


„Ник пике witi Armature, Гый. AB 
. mutual flux, Fig. 27в 


so also on sudden short circuit, when the armature current 
causes the mse in field current, the armature m.m.f. must be 


Fic. 28— DIAGRAM FOR CALCULATING FIELD LEAKAGE 


greater than the rise in field m.m.f. by the field self-induction, 
that is greater in the ratio, 


total field winding interlinkages, Fig. 27А 
mutual flux interlinkages, Fig. 274 


For convenience in developing the point, assume that all of the 
field leakage is concentrated between pole tips shown as $4 in Fig. 
28. On sudden short circuit, since the normal flux which is 
linked with tke field winding and which before short circuit 
entered the armature, can now neither enter the armature nor 
die out through the field winding, it must be forced through the 
leakage paths. At the instant at which the armature current 
in its rise at short circuit passes through normal value, the ac- 
companying rise in field m.m.f. will be approximately equal 
(actually less) to the effective armature reaction, A, correspond- 
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ing to normal current. This increase in field m.m.f. must cause a 
corresponding increase in фа, Fig. 28; but since фа links with the 
field circuit, and the interlinkages can not increase, it follows 
that the increase in фа represents the portion of the normal flux 
$, which is absorbed on shcrt circuit by the field self-induction 
when the field and armature m.m.f's. have risen to А. As an 
illustration, let the flux ó, corrésponding to a field m.m.f., A, be 
4 per cent, and let the armature self-induction be 10 per cent. 
Then as the armature current passes through normal value, 14 
per cent of normal flux Ф, will have been absorbed in the leak- 
age paths; and the armature current will rise to 7.15 times nor- 
mal value. 

But Фф, does not, as above assumed, represent all of the field 
leakage. Other paths of $i, фз, $s, etc., Fig. 28, exist. It is 
not so obvious how this additional leakage from the sides and 
ends of the pole, behaves, and how it operates to limit the short- 
circuit current. It would appear that none of the normal flux, 
Ф, could sink into leakage paths of фи, and ф», since in doing so it 
would have to cut through the closed field winding; and also, and 
for the same reason, that the leakage $1 and фз could not increase. 
Actually, both happen. The condition which must be fulfilied 
is that the total effective interlinkages of the field circuit shall not 
change. Two lines linking one half of the field turns is equivalent 
to one line linking all of the turns; four lines linking one fourth 
of the turns is equivalent to one line linking all, etc., etc. What 
actually happens, therefore, is that as the short-circuit current 
rises, some of the normal flux, Ф, sinks into the paths of ф, and 
фз; and to just the extent to which interlinkages are decreased 
in this process at the top of the winding, new flux, compensating 
for the loss, appears at the bottom of the winding. бо that the 
total field leakage flux, $, existing under instantaneous short cir- 
cuit, is the same (or nearly so) as would exist on open circuit 
with the same field m.m.f.; and the effective interlinkages which 
Ф; represents is the portion of the normal flux, Ф, which would 
be absorbed in the total field self-induction on short circuit. 

Let ф”, be the effective field leakage interlinkages per unit 
length of machine, corresponding to a m.m.f. on the field equal 
to normal armature reaction, А. Then, if a rise to normal 
current in the armature would cause a rise in field m.m.f. equal 
to A, the ratio | 


; l 
X у= — (1) 
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would be the per cent field self-induction. Actually the rise in 
field m.m.f. corresponding to normal armature current is less 
than А, as already pointed out, by the ratio 


mutual flux interlinkages, Fig. 274 
total field winding interlinkages, Fig. 27А 
_ $ _ 1 _ 1 
Saas UR а (2) 
where 
Е = no-load field m.m f. 
I = length of machine 


It is still further reduced by the field self-induction in another 
way: the portion of normal flux which at short circuit is ab- 
sorbed in the field leakage paths no longer requires, as it did 
before short circuit, a corresponding portion of the no-load field 
m.m.f. F to maintain it across the air gap. But all of F re- 
mains at short circuit. Hence the difference between F and the 
portion of F which is actually needed for the flux which is not 
absorbed in field leakage paths, is balanced by a correspond- 
ingly decreased rise in field m.m.f. Hence, a rise in armature 
m.m.f. equal to A, produces a rise in field m.m.f. equal to 


A 


к 
1 + + x, 


F, = — x, F 


f (9) 


Hence the effective field self-induction or field reactance, Xp, ех- 
pressed as per cent reactance in the same terms as the per cent 
armature self-inductive reactance is 


_ a „ | 
дн (4) 
But 
; l Фф 
* p, = - 
and фл. = AL (from equation 85) 
Hence | 


ve m i (5) 
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Substituting (3) and (5) in (4) and simplifying 


FIL 
RE. $ 
pf ~ ÇD; ГІТ у 
F (1 та F =) (6) 
Where 
A = effective polyphase armature reactance AT cor- 


responding to normal current T, 

F = no-load field AT 

Ф = normal flux per pole (in maxwells) entering the 
armature 


L = [142 > + 0.16 (> ) + 1.6 log (1+ =) 
d, 
с 


(1--062 4 7 log (1 + г) + 0557. | 


If length is in inches, the expression for L becomes 


р [555 0.04 (7 ) + 410g (1+ z ©) 


dp | m T +) | d ] 
128 72-1 1+ 0.62 < log (11 2) +14 5 
a, b, c, d, h, m, d,, see Fig. 28 and Fig. 34 

[ = gross stacked length of machine (core + ducts) 


L = applies for all values of ^ above 0.5, and is the effective 


leakage lines per unit length of machine, linking the 
entire field winding when the field m.m.f. is one ampere 
turn. The expression for L is derived in the following 
pages. 


The terms 4 log (1+ 23 and 0.62 log (1 + T >) are plot- 


ted in Fig. 29. 

The total per cent reactance therefore which determines the 
instantaneous short-circuit current (that is, the transient re- 
actance) is 


= X, = Хр + xs (T) 
0 в / 
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where х, = рег cent armature self-inductive reactance (or 
armature reactance) calculated by formula 
given in Part 1. 
xy = per cent field self-inductive reactance (or field 
reactance) 
(xp, = 0.2, means 20 per cent reactance) 


The above discussion has considered only the alternating 
component of the initial short-circuit current. Actually the 
direct component of armature m.m.f. approximately equal to 
the crest of the alternating component of armature m.m.f. must 
alwavs exist on a three-phase short circuit, and may exist on a 


о, 
70 
e 2; ae 23 2“ as 26 a 


26 


2625 ba [1 22) 


single-phase short circuit, as already mentioned. That is at 
180 degrees after short circuit, it is necessary, in such a case, to 
put twice normal flux across the leakage paths of the armature 
and field. It is obvious that this additional flux of normal 
value would be absorbed by the leakage paths in the same 
manner as above described. 

Hence the effective value of the alternating component of the 
initial short-circuit current is 


(8) 


Assuming a sine distribution of both the field flux Fig. 27a and 
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of the armature flux Fig. 275, the direct component would be 
equal to the crest of the alternating component; that is 


Ie = УІ, | (9) 


The distribution is, however, usually not sinusoidal. Since 
the effect of the important harmonics on short-circuit current 
(alternating component) is practically eliminated, as discussed 
in Part I, it follows that the magnitude of the alternating com- 
ponent is determined by the fundamental of the flux wave. The 
direct component, however, is determined by the total flux, 
that is by the entire flux which the armature encloses, and may 
therefore be greater or less than V“ Io by asmallamount. Fig. 
30 and Fig. 31 show both cases. In Fig. 30 the cirect component 
is greater than the maximum of the alternating componen! ; in 
Fig. 51, less. 

Кір. 30: also shows the third harmonic voltage, terminal to 
neutral, existing on short circuit. 

The formula for x,, applies to polyphase short circuits on 
salient laminated pole machines without amortisseur windings. 
(The effect of amortisseur windings is discussed later). It will 
apply to single-phase short circuit, terminal to neutral, if: (1). 
A, in the formula for x»; is taken as the maximum value of the ` 
pulsating armature m.m.f. of normal current, 1.¢. 


A, = v2 K, N I, (10) 
where 
Г Ng = series turns per phase (i.e. per leg) рег pole. 
Ia = normal current per turn | 
К, = factor accounting for short coil pitch, coil distribu- 


tion, and flux distribution. (2) the armature reactance is 
taken сала! to two thirds of the *hree-phase vzlue since 
as pointed out in Part I, three-phase reactance is approxi- 
mately 50 per cent higher than the single-phase. That is, for 
single-phase short circuit, terminal to neutral, 


tà 


zi ТТ T Хр, (11) 


= = x 
1 37% 


where Xp», is field reactance defined іп (1). But since the three- 
phase armature reaction 15 


Аз = 1.55 V2 №1, Ky - (12) 
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the equation for х,о can be written 


Жы ЖЕ Є? + хь )= 2 xp, (13) 
3 3 

That is, on a single-phase short circuit, terminal to neutral, the 

current should be about 50 per ceat larger than on a three-phase 

short circuit. The authors have not made tests to confirm this 

point. 

The action of the field and armature on single-phase short 
circuit is as follows: if the short circuit occurs when the armature 
encloses zero flux, that is, at maximum voltage, Figs. 324 and 
32B, the pulsating armature reaction produces in the field, for 
well known reasons, a direct m.m.f. equal to about one-half 
(actually less) of the maximum armature m.m.f., and a double 
frequency m.m.f. whose maximum value equals the direct m.m.f. 

The double frequency m.m.f. is of 
course at negative maximum at 
T instant of short circuit, so that at 
| the end of the first half cycle the 


2V2 I, total field m.m.f. is about equal 
| to the maximum armature m.m .Íf.; 
| that is, the armature and field 


absorb in their leakage paths at. 
Fic. 33—бновт CIRCUIT ARMA- this instant, the total normal flux 
ТОБЕ: CURRENT in proportion to their respective 

` self-inductions. 

A single-phase short circuit between terminezls gives, in most 
cases, practically the same current as a three-phase short cir- 
cuit, as experience has shown, and may therefore be calculated 
by the formula for three-phase until a more accurate method is 
worked out. 

The total self-inductive reactance effective at short circuit 
expressed in ohms, that is, the transient reactance, is 


X», X normal voltage per le 
Ро Бер Б (14) 


Pape normal current per leg 
Table IV shows a comparison of calculated and actual values of 
the alternating component of short-circujt current in terms of 
normal current. The actual values were determined by pro- 
jecting to the axis of zero time the curve of positive crests and 
also the curve of negative crests, Fig. 33. _ 

The inteicept on the vertical axis represents 2 V2 Io, 4.6. two 
times the crest value of the alternating component. 
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Example: 6600-kv-a., three-phase, 25-cycle, 14,000-volt gener- 
ator. 


] =38 А = 10070 Ф= 47.7 X 10* 


F = 15600 ” = 0687 © = 0413 
т с 
11.5 TES 
d, = 2.0 d, = 2.0 — = 0 (neglect d, if it is zero or 
; d 
negative) I" 0.407 
. pole arc _ b 0.65 _ 
Ratio "Se pitch 0.675 = 0.325 2.08 


1 
- [ 36 X 0.687 - 0.04 (ste) + 4log (1+ т X 0.413) 


+14 X 0.407 | 
= [247 + 0.26 + 3.3 + 0.57] = 
38 x 15600 x 6.6 


X. cui 10970 477 X 10^ 0049 
^t 15600 (1 + 38 x 15600 x D) | 
47.7 X 108 


Armature reactance = Xp, = 0.10 
Хро = Хр + хуу = 0.10 + 0.049 = 0.149 


That is, the three-phase short-circuit current (а-с. component) 
would be š 


То = сіз = 6.7 times normal 
Consider now the question of attenuation factors, ay and a. 
The attenuation factor of a circuit is the ratio of the effective 
resistance to the (interlinkages per ampere), that is, the induct- 
ance. In the field attenuation factor, ау, the inductance is not 
as Diamant gives" the exciting inductance of the machine, 
(using his notation) 


ФМ, 
I, 10^ 
14. Trans. A. I. E. E., Vol. 34, p. 2247. 
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where Ф is the flux which the normal field excitation, 1), would 
produce in the normal magnetic circuit, as given by the design 
sheet. It is rather 

Ф’М, 

Ij 107 


where ®’ is thé flux, linking the field winding, which I; would 
produce in the leakage paths of both field and armature. The 
correct attenuation factor of the field to be used in determining 
the rate of decrease of field flux on short circuit is the ratio of 
the effective resistance of the circuit to the (transient field inter- 
linkages maintained through the leakage paths of both armature 
and field on short circuit, per ampere rise in the field circuit). 
Therefore the question is, what is the value of fleld interlinkages 
thus maintained per ampere rise in field current on short circuit. 
It is, 


pM. per pole 
Or 
_9 $, Ny total 
Гр 
That is, 
q Ф, №, 
108 Т» henrys 
Where 
Фү, = transient flux = Ф - Ф, 
$ = normal flux per pole 
.$, = sustained flux per pole 
$, = . ЕФ 
+ Е, 
Xp. | 
Xp, = per cent armature reactance 


(хр, = 0.2 means 20 per cent) 


F, = m.m.f. consumed in air gap by normal flux 
М, = turns per pole 
q = number of poles 


Ij, = 4-с. component of rise in field current at short circuit 
This corresponds to the reaction of the alternating component 


880 DOHERTY AND SHIRLEY: REACTANCE [June 28 


in the armature, and for reasons previously stated is less than the 
armature m.m.f. as shown by equation (3). 


A ‚ = 

Е _ F Е Кя 

i^ 74, М x Ny | үү FIL "we | (16) 
ф 8 


Hence the transient field inductance is 


q X pg $, Nf 1 / 


hb, =— eF [| А 
F 


| 
| 


_ Q xp $ M “Хр, , 
L; БИНЕ ТУ сы” и = henrys 


The field attenuation factor 1$ therefore 
rf 
ar = Ly (18) 
where rs = effective resistance of the field circuit. In lami- 
nated pole machines, this may be taken in approximate calcu- 
lations as the ohmic resistance of the field circuit. 

The inductance in thearmature attenuation factor , which 
determines the rate of decay of the direct component, is deter- 
mined as follows: the interlinkages of the armature rer pole 
per phase, maintained through the leakage paths of both the 
armature and the field, per effective ampere turn rise in the 
armature m.m.f. on short circuit, is 

(К №) ® 
в. | (19) 


Хро 


or, for all poles 
q X», Ф (K №) 


; (20) 
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But A, for three-phase, is the product 
V2 I, X 1.5 (K М) (21) 


where K is a constant depending upon the pitch and distribution 
of coils, and upon the flux distribution; J, = normal rated 
current; and № = series turns per pole per phase. Hence, 
the inductance, that is the interlinkages with (K No, is 


1.5 4х» Ф(К ЇЇ)? 


Lao = 108 


henrys (22) 
The factor 1.5 accounts for the mutual induction of phases. For 
single phase or two phase this factor would be unity. La, can 
be arrived at in another and more convenient way. 

It is equal to 


Xo 
L o = 
a бт; (23) 
Where х = transient reactance in ohms 
| f = frequency in cycles per second 
x 
Dow T 
Hence 
Xpo E 
baa IT PE as 
The armature attenuation factor is 
Та 
where r, = effective resistance per phase. 


It mav seem at first thought that since the sum of the in- 
ductances of both the field and armature are involved in the 
attenuation factors, the sum of resistance of both circuits also 
should enter. However, this is not the case. The armature 
and field transients involve magnetic energy storage under un- 
stable conditions. In the case of the field transient, immedi- 
ately after short circuit the energv stored in the field is the pro- 
duct of normal field flux times the large field m.m.f. which now 
maintains it. The flux can die down only if its energy is dis- 
sipated in the circuit. with which it links, because, by the very 
way it is constituted, the energy can decrease only by a decrease 
in interlinkages, and this can nct happen except bv resistance 
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loss in the linking circuit. From a slightly different viewpoint, 
suppose the field circuit is a perfect conductor. Then the field 
flux and current would never die out, regardless of the armature 
resistance. Тһе armature m.m.f. operates only to increase the 
reluctance!? cf the path through which the flux must pass on 
short circuit. The armature resistance operates only to decrease 
the initial rise in current, that 1s to decrease the amount of flux 
which on short circuit must be sent through the paths of increased 
reluctance, and therefore to increase the sustained value of flux, 
that is, to decrease the magnitude of the transient, but not its 
time. The same reasoning will apply to the armature transient. 

The authcrs have not attempted to investigate to what ex- 
tent the results are changed by the increase of the effective re- 
sistance of the armature and field circuits. It is their opinion 
that with a well designed armature conductor, and with lami- 
nated field poles, the increase will not be serious. However this 
is yet to be ascertained. 

The relative values of а; and a, can be illustrated by taking 
some rough average figures for salient pole machines. The ratio, 
armature reactance to armature resistance 1s, say, 20; field re- 
actance to field resistance, 80; field reactance to armature re- 
actance, 0.5. 

Hence 


resistance 1 
Armature — ———————————— = — 
transient rcactance 30 


2T f 
30 


аа = 


res sta 
feld — e nce i 1 


transient reactance 240 


_ 2mf 
% = 79240 


That 1$, the armature transient will die out cight times as fast 
as the field, 1n this case. 

Diamant found from oscillographic tests that the attenuation 
factor was larger during the first cvcle or so than during the rest 
the same effect on the field transient, by а sudden increase, at. open cir- 
cuit, in full reluctance of the armature iron, E 
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of the transient. The authors have found this to be the case; 
and agree with Diamant that, until this difference, due prob- 
ably to saturation and eddy currents, can be further studied, the 
lower value (which corresponds to our calculation) should be 
used. This is on the safe side, since by this assumption, at any 
time after short circuit the current will be lower than the cal- 
culated value. 

The question atises, how much will calculations be thrown out 
by saturation? From the data available it would seem that in 
salient pole machines without amortisseur windings, saturation 
is not a very serious factor. Although at 180 deg. after a three- 
phase short circuit there must be two times normal flux through 
the leakage paths; these paths are widely distributed, and there- 
fore very serious concentration is prevented. Yet there is some. 
The smaller the section of the principal leakage paths (the pole 
tip and teeth) the greater the saturation. It is still further in- 
creased by the action of an amortisseur winding, and by reason 
of the slots that contain it. But we believe it is safe to assume 
that in the case of most laminated, salient pole machines, without 
amortisseur windings, the short-circuit current is practically 
proportional to the voltage at which short circuit occurs; when 
thin pole tips and shallow armature slots are used, the short- 
circuit current may be 10 to 20 per cent greater than indicated 
by calculations which neglect saturation. In the case of low 
resistance amortisseur windings, solid steel poles, or in turbine 
generators, where the leakage paths are much more restricted, 
saturation makes a greater difference. Hence, for this, as well 
as another reason given in the fcllowing paragraph, the calcu- 
lation of such machines should be based upon the armature self- 
induction only. The matter of saturation of leakage paths is 
one which should be much further investigated. 

Another matter of importance is the effect of amortisseur 
windings, short-circuiting collars around the pole, solid steel 
poles, etc. Obviously if the amortisseur winding were a per- 
fect conductor, the flux could nct change through it and сопзс- 
quently the effect of ficld sclf-induction would be nil, since the 
field m.m.f. would not rise. Moreover, the armature leakage 
paths would be more restricted. That is the transient reactance 
would be less than the armature sclf-1induction. But, of course, 
amortisseur windings and collars are never perfect conductors. 
On the other hand, many of them are poor conductors; hence in 
the case of laminated field poles they permit a large part of the 
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field self-induction to exert itself—the more, naturally the higher 
the resistance of the amortisseur winding. However, in 
single-phase generators, or such machines, in which heavy 
copper amortisseur windings are used, and also in the case of 
solid steel poles, the resulting increase in short-circuit current 
can not be neglected. For safety, therefore, it is best in such 
cases, as proposed above, to neglect the field self-induction in 
calculating the short-circuit current; that is, to assume that the 
transient reactance is equal to the armature reactance. 

External, as well as internal, field reactance will decrease the 
short-circuit current. The rate at which the field current rises 
at short circuit will not be impeded by the external reactance, 
because the new magnetic interlinkages established in the ex- 
ternal reactance represent a corresponding decrease in the inter- 
linkages of the field winding itself, since the net total of the cir- 
cuit can not change appreciably during the first cycle or so. 
But, by reason of this decrease in interlinkages of the field wind- 
ing itself, or what is the same thing, the increase in interlink- 
ages in the external reactance, there remains in the field less 
flux to be forced across the leakage paths in the machine; hence 
the short-circuit current will be less by just that amount. 

With zero external field reactance the rise in field m.m.f. on 
short circuit is less than the armature m.m .f. in the ratio 


1 


G = WE ДУ; 
$ 


Or, in terms of total interlinkages in the machine, 
q $ №; 1 


G = — —H rIA—— T = — Cr 
F F Ly 105 
ad 1 + ЕРІТЕ 


where Г; = coefficient of self-induction of the field winding. 
ql L NF 
Ly — 10 henrvs 


Е = no-load field m.m f. 

[ = gross length of armature core (iron + ducts) 
L = bracket quantity in equation (33) or (33a) 

Ф = normal flux per pole (maxwells) 

g = number of poles 

Му = turns per pole on field. 
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If an external reactance, xyz, (coefficient of self-induction, 
= Ду»), is placed in the field circuit, the ratio becomes, 


үл eere e 
yg Fine F Ly, 108 
2 $ q NP Ф 4 

бш 1 


E E Fio 
Let Xp = per cent reactance of the field circuit, assuming the 


rise in field m.m.f. equals the armature m.m.f. on short circuit. 
Then 


AU 108 gb. 108 
Әу “ср, Ф Ny 
Ж А 10% 
Хоу = МФ (Ly + Lj) 


The transient reactance of the field circuit is 


2 y 
X py x =G x pf 


| 410 71 


F 108 
БЕТТІ. 
| АГ 1 
"m. UE 1 


F 108 
Nie (М + Le) 


(Ly + Lys) 


(25a) 


The total transient reactance of the machine is 


where Ха = armature reactance 


The principal objection'® to the use of reactance in the field 
circuit is the high voltage which occurs across its terminals at 
short circuit. With an external reactance in the field circuit 
equal to the internal field reactance, this voltage may be of the 
order of 50,000 volts in the case of large generators. 


16. This point has been observed by К. Ito, Journal Elec. Society 
(Japanese), Dec. 1917, p. 891. 


886 DOHERTY AND SHIRLEY: REACTANCE [June 28 


Under load the short-circuit current is slightly higher than at 
no-load. The alternating component, which depends upon the 
flux per pole, is greater for short circuit under load than at no- 
load, by the increase in flux which is required under load to over- 
come the impedance of the armature. Hence for the same load 
current, the alternating component of short-circuit current 
will be greater, the lower the power factor, until at zero power 
factor, it will be increased by the per cent reactance of the 
machine—10 per cent reactance, 10 per cent increase in the 
alternating component. At unity power factor, the 10 per cent 
being added in quadrature, would not cause appreciable in- 
crease. "The direct component, depending upon the flux linked 
with the armature circuit, 4.e. upon the terminal voltage, is the 
same for any load or power factor, providing there is no external 
reactance in the armature circuit. External reactance decreases 
the direct component because it decreases the net magnetic in- 
terlinkages of the armature circuit. With 10 per cent external 
reactance, zero power factor load, the direct component would 
be 0.9 as large as if the short circuit occurred at no load, the same 
terminal voltage. The reverse would be true of leading current. | 
For unity power factor, the difference would be negligible, for 
reasons mentioned above. 


DERIVATION OF FORMULA For CALCULATING FIELD SELF- 
INDUCTION 


The field leakage paths shown in 
Figs. 24a and 248 are approximated 
by the assumed paths shown in Figs. 
28, 34 and 35s. 

With a т.т. equal to NI per 
pole the effective leakage lines, link- 


гос =X 
: > 


ing the entire field winding, per unit E 

length of machine will be as follows: c 

the flux element d ф\ is d 
x d x \ 

where | К = 2h 


an 0 (approximately) = — 


* 


т 


d $i = 0.47 NI po 


dx . 
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Effective flux due to ¢, linking entire winding is 


4h 
| x 
Pat = z 49 


0 
5 


фы = 0.039 NI (z) | (26) 
т? 
4ф,=2х04 4% 7? 2 м 
d ya 
d фз = "+ 4hy)dy 


It is here assumed that the length of path is one third of the arc 


of a circle whose radius is 8 > that is, the pole sides intercept 


4 of the arc. 
Effective flux of ф» linking the entire field winding is 
2 
4857 
Фи =? h d Po 
dm 4% 
G "е N 1 2 2 
= 0.2; | (т? + 4 Ву)? ау 


0 


фе = 0.27 NI Е a = d (F) ] (27) 


dz 
а фз = 2x 04т X2NI—L— 


dz 


а т 
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All of фз is assumed to be linked with the winding. Hence 


dz 
= 


Pn3 


фа = 1.6 N Ilog t + т =.) (28) 


In determining фу, it is necessary to find the portion of the pole 
tip from which $, emanates, Fig. 28, and further to find what 
depth of path in the air between tips should be used. By plotting 
a large number of diagrams, such as Figs. 24А and 248 for 
different pole proportions, it was found that this average depth 
of path could be approximated bv the expression | 


deut (29) 


That is the factor may entirely disappear, which happens in the 
case of thin pole tips and low pole arc ratio. When гіз greater 


than 4, dag should be neglected. 


фа = ф 2X 04v X2NI 
d, 
"TH А d, d x : 
d$, = AXOAT X 2N 12-5. (Sce Fig.1) 
5/4 
do's = 1014 00 
: R T x + c 


0 


d $', is integrated between бапа >. because toward the 


middle of the pole the leakage from the end of pole shoe no 
longer goes from pole to pcle, but instead bends upward and 
enters the stator iron, cutting the armature winding. The 
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approximation is therefore made that the dividing line falls at 
b/4. 


C 


фи = 3.2 N I d, log ( 1+7 >) 


ó,” d, T b | 
on = — = 8.2 МІ — log "++ 2 (31) 
where / = gross length of armature core (iron + ducts). 

The leakage at the end of: the pole is in paths practically 
straight and downward to the field spider rim as shown in Fig. 
264 and 35. At about three-fourths of the way up the pole the 
leakage bends up and enters the stator iron, part of it, certainly, 
cutting the armature winding. Of course, depending upon de- 
sign, the division line may fall at one-half or may be at the top 
of the pole. But in the authors' judgment, three-fourths repre- 
sents the average case. On this and the further assumption 
that the length of path at any height и, Fig. 35, is 1.3 и, 


y d dv 
= 1.95 S мау 
dh 
, d / 
zu р 4 Ф 
0 
$» 
= NIŻ d 
= 1.95 p u u 
0 
ó, = fat = 0.55 МІ 5- (32) 


While one or two rather arbitrary assumptions were made іп 
deriving the above equations, they were made in the light of an 
experimental and graphical study of the leakage paths, and 
with the object of avoiding complicated expressions; and it is 
believed that the error in the final result will not be serious, one 
reason being that the assumptions involving the most uncer- 
certainties are in the smallest factors, such as @as and фив. 
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Adding equations (26), (27), (28), (30), (31) and (32), the 
total self-induction of the field is 


ó In = Pat + Pro + Флз + Dna + Dns + Pas 


5 I 5 
_ m 1)’ 
in = N I 0.039 (5) + 0.27 | 3 T — i (=) 


a 


+ L6 tog ( 1 SENI 


dp LS 2 | 
+32 < log (1 + r —) + 0.555 
h 5 
on = МЦ 142 ^— + 016 (+) + 1.6 log (1 + = 2) 
2 с p cm d | т 
+59 1 + 0.625 log (1 + ы -) + 0.557 | (33) 


If inches are used, the equation becomes 
Pin = Ni [3.6 = + 0.04 (7 лок (1+* ©) 


d, C Tb d 


Pin is the effective leakage lines per pole, linking the entire 
field winding, per unit length of machine, produced by а m.m.f. 
of one ampere turn. 

The coefficient of self-induction of the field is therefore 


437 N?IL | 
Ly = aoe Т. ЕРІНЕ henrys (34) 
where q = number of poles 
Ny = turns per pole 
] = gross stacked length of core (iron and ducts) 


L = bracket quantity in equation (33) ог (33a) 


For the value of leakage, $'i,, per unit length, corresponding 
to a m.m.f. on the field equal to normal armature reaction, А, 
substitute А for N I in equation (33) and (33a). 

That 15 
ф'„ = AL (35) 
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SUMMARY AND CONCLUSIONS 


(1) A reliable prediction of the armature self-inductive re- 
actance of synchronous machines can be made by equations (45) 
to (48) inclusive, given in Part I. Moreover, working curves 
for three-phase, based on those equations and given in Figs. 204 
205, etc., make the complete calculation from the design sheet 
a matter of four or five minutes. It is proposed that this re- 
actance be called, for brevity, armature reactance. 


(2) The variation of the effective armature m.m.f. or ar- 
mature reaction, (under zero power factor conditions) with the 
no-load flux distribution has been determined. The armature 
reaction of three-phase machines, as calculated by the familiar 
formula based on sinusoidal distribution, is the basis of the new 
calculation. Its result is modified by a single factor, Ke given 
in Fig. 20, and developed in appendices A and B. The correct 
calculation of armature reaction is very important in its relation 
to the armature self-inductive reactance, since the latter is 
determined from test by the difference between the field and 
armature m.m.f. on sustained short circuit. 

(3) Asa corollary of (2), the effect of the harmonics in the 
no-load flux distribution upon the generated voltage is accounted 
for also by Ky. See appendix A. 

(4) A simplified method of calculating field excitation that 
has worked out well in conjunction with the reactance given bv 
Figs. 204, 20s, etc., is shown in appendix С. 

(5) The reactance which determines the initial short-circuit 
current of most synchronous machines is not the armature self- 
induction only; it is rather the combined self-induction of both 
the armature and field circuits. The internal field self-induction 
(which, on short circuit is transient) is often 50 per cent of the 
armature self-induction; in which case, the calculated short- 
circuit current, based on the armature self-induction alone, 
would, of course, be 50 per cent too high. 

(6) А method of calculating the transient field self-induction 
is given in Part II, equation (6). It is proposed that this react- 
ance be called, for brevity, field reactance. 

(7) Equation (7), Part II, gives the value of the total per 
cent reactance, хь, which determines the alternating component 
of short-circuit current. It is proposed that this reactance be 
called transient reactance. 

(8) The attenuation factors ay and o4, which determine the 
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rate of decrease of the field and armature transients, respectively 
are given in equations (18) and (25). 

(9) External field reactance limits the short-circuit current. 
Its effect can be calculated by equation (25a). The high volt- 
age across the field collector rings (which may be 50,000 volts 
on large generators assuming external field reactance equal to 
internal) precludes its use in most cases. 


(10) Table IV confirms the following points, which are 
brought out in the theory given in Part II: 


(a) The short-circuit current of synchronous machines can be 
calculated with practical accuracy. 


(b) In the case of turbine generators with solid steel rotors, 
and also of salient pole machines with low resistance amortis- 
seur windings, the transient reactance should be taken equal to 
the armature reactance. 


(c) In the case of high resistance armature windings, the 
same value of transient reactance should be used as for laminated 
salient pole machines without amortisseur windings. That is, 
the value given by equation (7) Part II. 

(d) While strictly, the complete calculations apply only to 
salient, laminated pole machines without amortisseur windings, 
and the proposals in (b) and (c) are only approximations, never- 
theless the results shown in Table IV justifv the use of these ap- 
proximations until the method is further extended. 


(e) Saturation at short circuit does not practicably affect 
value of short-circuit current of salient, laminated pole machines 
without amortisseur windings, unless the magnetic densities 
in the pole tips and teeth are high at normal voltage, as in the 
case of the 1500-kv-a. generator in Table IV. It does affect 
the short-circuit current of turbine generators, and, probably, 
of salient pole machines with low resistance amortisseur 
windings. 

(f) The short circuit current is practically the same whether 
the short circuit on three-phase machines occurs between the 
two terminals or three. 

In conclusion the authors wish to express their thanks to 
Dr. C. P. Steinmetz and W J. Foster for their interest in re- 
viewing the results of the paper, and to Messrs. E.J. Burnham, 
E. S. Henningsen, Н. К. Humphrey, and J. J. Thalheimer for 
their assistance. 
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APPENDIX A 
EFFECT ОР Harmonics ім No-Loap FLux WAVE 


The shape of the wave of flux distribution is determined 
largely by the shape of the pole face and the ratio of the pole 
arc to pole pitch. The armature teeth of course add ripples 
of high order, but usually of small magnitude. The latter are 
neglected in the following derivation because, even if they are 
of appreciable magnitude to cause trouble in telephone circuits, 
etc., they have little effect upon the effective armature m.m.f. 
or upon the value of terminal voltage. The third, fifth, seventh, 
and possibly the ninth, all of whose magnitude are determined 
by the design of the pole, are the terms which introduce errors 


Minimum Gop *.02T 
pem с ° 665 
Roto E ор 2 601 


Fic. 36—FLux DISTRIBUTION CURVE 


into calculations based upon fundamental sine functions. То 
determine the effect of these harmonics, the following equations 
have been developed. They show that the effect of the har- 
monics upon the terminal voltage, for a given value of flux per 
pole, can be taken into account by a single factor, Кә. 

The flux waves of a number of representative conditions 
were plotted by the following method. Refer to Fig. 36. 

The flux at the middle of the pole was assumed to be 10, and 
then the flux at any point toward the edge of the pole was taken 
inversely as the air gap. То obtain the flux beyond the edge of 
the pole, the distance a b was divided into the same number of 
spaces as the distance c d and lines drawn joining corresponding 
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points on theselines. Assuming the flux to be inversely propor- 
tional to the length of air gap, the broken curve was derived. 
Since the effect of the adjacent poles woyld be to make the flux 
zero at the point midway between the poles, the solid line was 
drawn gradually deviating from the broken curve to pass through 
zero at the middle point. | 

The calculated flux waves were compared with test flux 
waves taken by exploring coils on three machines and found to 
agree very closely. The effect of saturation of the teeth in the 
middle of the pole was found to make a slight difference in the 
flux wave shapes on the same machines at different voltages. 
At crdinary tooth densities, however, the variation will make 
only опе or two per cent difference in the value of Kh, for 
values of voltage from one half to normal. 

Flux waves were obtained by the method shown in Fig. 36 
for ratio pole arc to pole pitch of 50—664 and 75 per cent for 
ratios of maximum to minimum air gap from unity to three to 
one, and for different minimum air gaps varying from one to 
four per cent of the pole pitch. The flux waves were then an- 
alyzed for the harmonics up to the eleventh, and the values of 
К» were calculated. These values of Кө are given in Fig. 20. 

The factor Ко gives the ratio of the total flux in the irregular wave 
to the total flux 1n a sine wave which would give the same effective 
voltage at the terminals of the machine. 

This is exactly true only when the terminal voltage has a 
form factor equal to that of a sine wave. This is the case with 
practically all commercial machines as now built, as the dis- 
tribution of armature winding in slots, short pitch of armature 
coils and star connections of the machines all operate to elimi- 
nate the effect of harmonics in the flux wave. 

Let Fig. 36 represent the flux distribution at no load. 


B = (В, ѕіп Ө + B, sin 3 0 + B, sin5 0 +....) (1) 


Instantaneous voltage generated in unit length of one con- 
ductor is 


v DB y | . : 
Eum y шшш ыо ( 
ТО? 19i (Bh sin 0 + Bssin3 0 + Вьѕіп5 0 +....) (2) 
Where 
у = velocity of flux relative to conductor, in centi- 


meters per second. 
B - flux density, lines per sq. cm. 
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Effective valuc of voltage is 


€. ff. 


II 
3 [to 
== 
N 

Q 

+ 

©, 

D 


-waf B* d 0 (3) 


В = (В, ѕіп 0 + Bisin3 0 + B, sin 5 0 +... .)2 
= |17 біп? 0 + Bg;sin30--8?;sin?50 +.... 
+ 2 ( Bı В, біп 0 sin 3 0 + В, В, іп 0sin 5 0 
+B; Bs sin 3 Ө sin 5 0 + ....) 


т /2 
С Ва sin 0 sin 3 0+ В, В; sin 0 sin 5 0 
+ Вз Вь яп 3 0 sin 5 0 + ....) 


is Zero. 0 
р MENFE а URN 
less. ~ ioi V p" sin? 0 4- Вз? sin? 3 0+ 8; sin?50--...) d 0 
еу = TZ V(B?à + Bé + Ве t.... (4) 
es. = ур, V 1 + ket + ks? + ЛЕ (5) 
10/2 
Where 
ky = Вз + В, 
ks = Вь + В, etc 
и = 2rf (6) 
where 
T - pole pitch 
f = cycles per second. 
2тј В, AUCI is a 
. = — 1 + kz + k; EN 
Eff 108 4/2 s $ + 5 F (T) 


The effective voltage of a complete, full-pitch coil of № series 
turns, (that is, concentrated winding) is ` 


Еу). = 2 N, l егу. (8) 
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where 
I = gross stacked length of core (iron + ducts) 
4т1] N В, > 
Е I a E ғы "n 9 
ff 10$ V2 3 + 5 + ( ) 


If the coil does not span the full pitch т, the quantity under 
the radical is reduced. Тһе voltage of the two coil sides are out 
of phase bv angle (1— p) +, for fundamental and by angle 

(1— pnw 
for n th harmonic, 
where, 
coil pitch 


Р = pole pitch 


Hence the reduction factor will be the cosine of half the angle, 


that 15, | 
T 
k, = cos (1— f) > (10) 
for fundamental and | 
kp, = cos (1-9) T (11) 


for n th harmonic. 
" Adams has given curves for kp, 


If the N, series turns per pole per phase are distributed in 
two or more slots, there is an additional reduction. This factor 
Ра, is given in table prepared also by "Adams. 

If the three-phase machine is connected Y, there is a still 
further reduction, but since the reduction for fundamental 15 
same as for all harmonics, namely 0.866, except the 3rd and 9th 
which are entirely eliminated, it 1s not necessary to take this 


into account separately, as is done with 2, and kg. "Adams 
gives also a table showing the product 
kp, ka, = Ё,, (.2) 


for different conditions. 
Hence the effective voltage per phase (per leg) 15 


4т1] В, SUUM IET NIU a === 
Ey; = —— VRE +R RS? + Re R25 + .... 
ff 108 v2 +k, k; + s + (13) 


17. Trans. A. I. E. E., Vol 28, Part 2, p. 798, 799, 805. 
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Where 
N = series turns per phase. 
To find value of f, refer to equation (1) 
B, = В: sin 0 + Вз sin 3 6+ Bs sin 5 0 +.... (1) 


т /2 
2 
Bast: = zj 8 d 0 
0 


a. = Z [|a + Po + +] 


Ber Z В (аж...) ‚ (1⁄0) 

Total flux per pole is 

Ф = т бес 

_2 hob 

ф-т! В (1+ +3 +.) (15) 
Let i | 
oe Pe | 
K, = (1+ 3 + Б +.... (10) 


B, = (.7) 
— т] Kg 
Substituting in (13) 
: 4.44 N^ ,——  ———P - nÍ" À°o ——— 
Е. уу. = MAS ДЖ + Жы з? + kes? kg? + gu oA (18) 


It is obvious from (18) that if fractional pitch is used and the 
coils are distributed, k,» renders practically negligible the effect 
of higher harmonics upon the value of the radical. If the 
machine is Y-connected, the third and its multiples are eliminated, 
leaving the value of the radical verv near to 


k, 
which 15 
Ер ka 
In most cases the radical may be taken as k, = kp ka with 


very little error in Е,уу. 
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In concentrated windings, full pitch, A-connected, the radi- 
cal cannot be neglected. It can be neglected with little error 
for machines with two or more slots per pole per phase, or frac- 
tional slots per pole per phase, Y-connected armature. In 
such cases, 


. _ 444f NOR, ka 
Еу. = NK, — (19) 
This means that thc flux of the fundamental onlv 
Фф 


is useful. That is, the useful flux is 


Ф, = f В, sin ва 0 (20) 
0 


This value Ф, is what design calculations have usually been 
based on, т.е. calculations which assumed sine distributions of 
flux. 

Therefore, such calculations should be modified only bv the 
factor 


Ke 
Thus 
ф = Ke Фф, 
Еу. X Kp X Ka X Ko X 108 
= 4447 N (21) 
where 
Е,. = effective voltage per phase. 
1.е. per leg 
N - series turns per phase. 
f = frequency. 
K, = = = fractional pitch coefficient ordina'iiv used 
p 
in design 
Ka = - = distributed coefficient ordinarily used in 
d 


design, and given in Table II. 
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Where 
Ез = percent third harmonic in flux wave 
ks = 44 fifth 44 “aq “ 44 
m = “JÇ seventh 64 “| “ 86 


etc. 


If the radical in equation (18) is not negligible, (21) becomes 


Ey. > Ку x 


108 se os 
AAA FN VS + kèk? + kake +.... (22) 


Ф = 


APPENDIX B 


ARMATURE REACTION 


Much has been written about armature reaction, particularly 
in Europe and during the last few years'?. Practically without 
exception the method of attacking the problem has been to 
obtain an expression for the wave of armature m.m.f. and an 
expression for the wave of field m.m.f. and combine the two for 
the resultant which determines the flux. But at this point 
difficulty is encountered, especially on salient pole machines. 
One must know the reluctance at all points, as well as the m.m.f. 
before the flux can be obtained. Оп turbine generators where 
reluctance is practically uniform over the whole pole pitch, the 
flux can be assumed to be prcportional to the m.m.f., and the 
problem works out well However, such a method has not 
succeeded in solving, without questionable assumptions, the 
case of salient poles. 

The method given in the following pages for solving the case 
_of salient poles is based on the principle that the effectiveness of an 
wmature ampere turn at any instant and at zero power factor, as 

mpared with a field ampere turn, in establishing flux їп the mutual 
magnetic path, depends upon the ‘percentage of the total useful no- 
load flux that the armature turn would enclose at that instant on open 
circuit. The method was worked out during the investiga- 
tion of armature self-induction covered in the main body of 
the paper. The authors were met in this investigation by the 
necessity of determining more accurately the relative strength 
of armature and field, since the armature self-induction 1s tested 
by taking the difference between these quantities on sustained 
short circuit. "This, as in the case given in Appendix A, 1s one 
of the few instances where an apparently hopeless case has 


18. See bibliography at end of Appendix B. 
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worked out to the simplest result: the armature reaction is 
calculated by the familiar formula based on sine wave assump- 
tion, and this is modified by a single factor which may be taken 
directly from the curve shown in Fig. 20 

It was found by methods described in Appendix А that the 
no-load flux wave could be very closely determined from the 
dimensions of the machine. The flux-wave shape was thus 
plotted for the variety of conditions within the ranges of normal 
design. "These waves were expressed asa Fourier's series. With 
the equation of the wave given, the solution easily followed. 

Let Fig. 37A represent the no load flux wave. If one armature 
ampere turn is placed symmetrically about the field magnetic 
circuit (i.e. directly opposite it, when 9 = О іп Fig. 374), the 
flux wave will be a replica of that produced by one field ampere 


7 
2 
Lr оде Pitch — 


Fic. 37A Fic. 37B 


turn. If the coil does not span the entire pole pitch, then with- 
in the portion which is spanned the flux wave will be a replica of 
that same portion of a complete wave of a full-pitch turn, as in 
Fig. 37B. 

On sustained short circuit, an armature current 1s maintained 
which is just sufficient to create an opposing m.m.f. acting on 
the mutual magnetic circuit, equal to that of the field; or in 
other words, sufficient to annihilate the mutual flux. Hence, as 
mentioned above, the measure of the effectiveness of any turn at 
any instant is the percentage of the total mutual flux it would . 
enclose on open circu. | 

.. Refer to Fig. 374. A full-pitch turn, A, encloses all of the flux 
when in position 0 = 0. At any angle 0, observe that the 
` Вах enclosed by A is the same as if the two sides of the coil were 
moved toward the center of the flux wave by the same angle, 0; 
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because the positive flux, a, is now neutralized by the negative 
flux b. | | | 
The effectiveness of the turns in phase А at the angle is 


Кыш шы iere et (1) 


area total wave c + 2a 
As in Appendix A, the equation of the wave is 
y = sin 9 + k; sin 3 0 + kssin5 0 + .... (2) 


0 
za pr (3) 


0 
_ From equations (14) and (16), Afpendix A, it follows that 


с + 2а = т X average ordinate 


бо с 
тох 0.636 (1 + £ + +...) 


c + 2a = 2 К, (4) 
From (3) 


- 0 0 
a ЕДИ (sin 0 + Е: sin 38 0 + k;sin50 +..) d 0 
° 0 


Ёз (1— cos 3 0) 


а = (1— cos 0) + 3 


+ ^ (1— cos 5 0) + .... 


a — Ke СТЕ cos 3 0 + É соз50 +...) (5) 


From (4), 
с = 2 (Къ — a) 
Hence, from (1) 
2 (Ke = a) 
2 Ke 


w- (1-44) : 


К+- ( cos 0 + A cos 3 0,4- 4% cos 5 0+... .) 
ае D ees 


Ae = 


= 1 
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№= (cos 8 + E сөзбе P coss 0 +....) (Т) 


For the case of a three-phase machine with 60-deg. phase belt, 
and concentrated winding, and assuming a sine wave armature 
current (which practically exists on sustained short circuit), the 
effective m.m.f. of phase A, Fig. 37А 15 


A, V2 N, I cos 0 (8) 
of phase B, 
Хх У2М,1 cos (6 + 60) (9) 
(6 4-60) 
of phase C, қ 
А N, I cos (0 + 120) (10) 
(6 +120) 
where, 
№ = series armature turns per pole per phase. 
I = т.т.5. amperes per turn. 
— -K [ сов (0 + 60) + Ха cos (3 0 + 180) 
(9 +60) Ф З 
+ 4 cos (5 0 + 300) +... 
x; [ ©. 5 cos 0 — 0.866 sin 0) — 2 
(0-00) — 


— (0.5 cos 5 0 + 0.866 sin 5 0) 


йы z (0.5 cos 7 0 — 0.866 sin 7 6) | (11) 


This neglects harmonics above 7th. 
By the same reasoning, 


[c 0.5 cos 0 — . 0.866 sin 0) + = cos 3 0 
(04120) Ke | 


+ = (— 0.5 cos 5 0 + 0.866 sin 5 0) 


+ = — 0.5 cos 7 0 — 0.866 sin 7 6) | (12) 
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The total m.m.f. per pole (t.e. the armature reaction) is 


А = M V2 М, I cos 0 
+ À , 2 N. I (0.5 cos 0 — 0.866 sin 0) 


(6 +60 
- \ V2 М, І (0.5 cos 0 + 0.866 sin 0) 
(6 +120) 
= У2 М, 1 [Ло соз 0+ ^ (0.5 соз 6 — 0.866 sin 0) 
(0 +60) 
— À (0.5 cos 0 + 0.866 sin 0)] (13) 
(6 +120) 
Substituting equations (7), (11), and (12), > 


E УЗ NI [^ | cos 0 + Ža cos3 0+ 3 сов 50 
Ф 5 


Т cos 78} 
+ 7 COS 2 


(0.5 cos 0 — 0.866 sin 0) 


ти E I (0.5 cos 0 — 0.866 sin 0) 
ф 
Рз 
3 cos 3 0 


+ =: (0.5 cos 7 0 — 0.866 sin 7 0) ) 


(0.5 cos 0 + 0.866 sin 0) 


L | (—0.5 cos 0— 0.866 sin 0) 
ф 


+ ^ cos 3 0 + ^. — 0.5 cos 5 0 + 0.866 sin 5 0) 


+ 5% (—0.5 cos 7 0 — 0.866 sin 7 0) |] 


Simplifying, this becomes 


a = МЕТ [1+ cos 0 (A. cos 5 0 + = cos 7 6) 
-— k, . k; . 
+ sin 0 (- = sin 5 0— sin 7 0 ) | (14) 


If the armature turns are distributed over the phase belt in a 
number of coils instead of being concentrated in one coil, and if 
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the coils do not span the full pole pitch, the bracket quantity of 
equation (14) is modified as follows: 

1 becomes Ар kg 

k; and k; are multiplied by k,n | 

Adams has given tables for these reduction factors. 

However, since the 5th and 7th are usually not large, and 
since, as shown by (14), their effect is decreased by the order of 
the harmonic, it may be safely assumed that the further de- 
crease by k,, renders negligible all of the harmonics, in cases 
where the winding is distributed in more than one slot per pole 
per phase. | 

Hence for such cases equation (14) becomes, 


| 1.5 V2NI _ 212N,I 
A = "Ke Ka K; = K K; K. (three-phase) (15) 
where 
1 1 
K,= kp sin (р 90) 


Ка = z (See Table II, Part I, for value of Ку.) 


М, = series turns per pole per phase 

I = current per turn 

Кә = flux distribution coefficient given in Fig. 20. 
APPENDIX C 


CALCULATION OF EXCITATION 


The reactance as calculated by the method developed in this 
paper may be used in calculating excitation of alternating- 
current machines. The method used is an application of the 
generally accepted principles of excitation calculation, which 
have been developed by a number of writers in slightly different 
forms. 

The diagram, Fig. 18, illustrates the factors used in the cal- 
culation for a generator with lagging current output. 


I = armature current. 

E terminal voltage (is taken as unity for calcu- 
lations on the per cent basis.) 

in-phase component of terminal voltage 

cos 9 


Е; 


19. Trans. A. I. E. E., Vol. 28, Part 2, pp. 798, 799, 850. 
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From the diagram it can be seen that cos 0 
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quadrature component of terminal voltage 
sin 0 

power factor 

voltage required to overcome resistance р 
in per cent of E. 

voltage required to overcome reactance drop 
in per cent of E. 

internal induced voltage under load in per 
cent of E. 

(cos 9 + тм) + j (sin 0 + хы) 


Е; + Ура 
Е, 


Note that for a motor the sign of rpa will be minus. 


Also sin 6 = 


E, + Хы 
E 


This expressicn holds for the over-excited condition, that is, 
for a generator with lagging current or a motor with leading 
current, but the sign of X,, will be minus for the under-excited 


conditions. 


A 


А 


с Rw 


ampere turns per pole required to overcome 
the effective armature reaction. 


212sal 


IK, К, Kec for three phase 


141sal 
2K, Ka Kec 


slots per pole and phase 

conductors per slot 

circuits per phase 

fractional pitch coefficient 

armature winding distribution coefficient. 
flux distribution coefficient. 

no load flux per pole for normal voltage E. 

full load flux per pole for internal induced 
voltage Е, 

flux for impedance drop. 

ampere turns from no load, saturation curve 
required to produce Ф). 

full-load ampere turns per pole. 


for two phase 
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The m.m.f. diagram is all that is required for the calculation 
of the field current and this diagram taken from Fig. 18 for the 
over-excited condition is given in Fig. 194, and for under-excited 
condition in 195. . The following relation may be derived from 
this diagram by inspection. 


Fo = (Fi + A sin 01) +jA COS 0, 
For the underexcited condition the expression 
Еу = (F— A sin 01) + j A cos 0, 


The application of this theory can best be illustrated by the 
application to an example. The formulas necessary for the 
calculations are given below | 


cos Ô + ry 
Ei 


Sign is + for generator 
Signis — for motor 


cos 0, = 


sin Ө + хь 


sin 6, = E 
1 


Fo == (Fi +A sin 9, ) +j A COS 0, 


Sign is + for generator lagging current or motor leading 
current. 
Sign is — for generator leading current or motor lagying 
current. 
E, = (cos 0 + ra) +j sin 0 + Xp) 


See above for signs of same terms. 


Example: 


Generator—Lagging current. 


Assume fj, = lpercent = 0.01 
Ха = 15 percent = 0.15 
Power factor соѕ 0 — 0.80 
Sin 0 = 0.60 
F = 3800 ampere turns (not used in calculations) 


F, = 4500 ampere turns. 
A = 3000 ampere turns. | 
Then E, = (cos 0 + тм) + j (sin 0 + x.) 
= 0.81 + 70.75 = 1.10 
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The value of F, is obtained from the no-load saturation curve 


(test or calculated) at 110 per cent normal terminal voltage and 
is 4500 ampere turns. 


| 0.75 
sin 0, = — l10 _ = (0.68 
0.81 
COS 0, = 77110 — 0.735 
Еу = (4500 + 0.68 x 3000) + j 0.735 х 3000 


6900 ampere turns. 
Motor—Lagging current. 
Same data as above except F, = 3400 ampere turns. 
E = (cos 0 — ты) + J (sin 0 — хы) 
= 0.79 + 7 0.45 = 0.91 


F, corresponds to 91 per cent of normal voltage and is 3400 ` 
ampere turns. 


0.79 


Cos 0, = 991 = 0.87 
0.45 
sin 0, = "0.91 = p 


Ро = (3400 — 0.495 X 3000) + 70.87 x 3000 
= 3230 ampere turns. 


The calculation of the above generator may be represented 
by the following simple calculation. 


0.81 | _ 
E j oap | = 110 
3000 = A 
4500 = F 
3000 2040 
Р 110 X 075 = 6540 
0 
= 6900 = F, 
3000 
р X 081 = 2210 
Note that 0.81 6540 
075 | = 110 and ооо, = 6900 


indicate combination of vectors at 90 deg. 
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This method of calculation of field current is an approxi- 
mation, and does not allow for the increased field leakage under 
load. This is probably compensated for by including the added 
no-load saturation in the armature magnetic circuit which does 
not exist under load, and the method has been found to give a 
very close check on test results on a very large number of com- 


mercial machines. 
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WAR ACTIVITIES OF THE NATIONAL RESEARCH 
COUNCIL 


. BY GEORGE ELLERY HALE, chairman 


T is already a trite saying that this is a war of engineering and 

science. Yet it is a question whether the average person, 
or indeed whether even the technically qualified man whose work 
has been concentrated in a particular field, can realize in how 
large a sense these words are true. To do so he must survey 
the vast engineering achievements of the Entente and the Cen- 
tral Powers, and appreciate what countless details they involve 
and how far their ramifications extend into apparently unre- 
lated fields. At the same time his view must embrace the wide 
expanse of medicine and hygiene, and the still wider operations 
of agriculture and the many industries without which the war 
could not go on. Nor must he be content with this sweeping 
. view, comprehensive though it may seem. For inextricably 
united with the results achieved by men habitually concerned 
with the arts, he will find the no less important contributions 
of investigators in the mathematical, physical, and biological 
sciences, whose previous efforts have been devoted solely to 
the advancement of knowledge. Science and the arts have 
once more united their endeavors, to the advantage of the 
national defense and to the still greater advantage, let us hope 
of future national welfare. 

In the vast fields of engineering, both military and industrial, 
the National Engineering Societies have played a truly national 
part. Merely to enumerate their contributions, in men and in 
activities of the most varied description, would occupy the entire 
time at my disposal. I must therefore confine myself to the 
barest mention of some of the most conspicuous of these activities 
the prominent part they have played in the work of the Naval 
Consulting Board, which has contributed in so many important 
ways to our progress in the war; the gallantry of their members 
on the western front, where thev have proved that the engineer 
can fight no less effectively than he can build; the countless 
products, in munitions of war other necessities of national 
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defense, of the factories they operate; the railways, docks, 
cantonments, and fortifications they have erected, here and in 
France; the ships they have sped down the ways to overcome 
the submarines. 

The National Research Council, of whose work I have been 
requested to speak tonight, has special reasons for gratitude 
to the engineers of the National Societies. Two years ago, 
when its organization had just been undertaken, the Research 
Council was essentially without funds. The Engineering Foun- 
dation, established by these societies on Mr. Swasey's endow- 
ment for the promotion of research, saw and appreciated the 
advantage of creating a body for the federation of research 
agencies, governmental, educational, separately endowed, and 
industrial. It accordingly placed its entire resources at the 
disposal of the Research Council, gave it the services of its 
Secretary and provided an office for the Councils! work in this 
building. Special contributions from Mr. Ambrose Swasey and 
Mr. Edward D. Adams enlarged the income available for this 
purpose, and thus the work of the Research Council was in- 
augurated. Today when ample funds from other sources have 
eliminated financial difficulties, the Research Council does not 
forget the indispensable aid it received from the Engineering 
Foundation at the most critical period in its existence. 


SCIENCE IN THE CIVIL WAR 


The experience through which we are passing recalls in many 
vivid particulars, the parallel events of the Civil war. "This is 
true in the field of science, in spite of the popular conception 
that tends to associate the application of scientific methods in 
warfare with more modern times. Опе of the most striking pen 
portraits of President Lincoln that we possess depicts him on 
the great tower of the Smithsonian Institution,which he ascended 
night after night with Joseph Henry, first Secretary of the Insti- 
tution and charter member of the National Academy of Sciences. 
From this vantage point lights were flashed to distant stations, 
in connection with tests of new methods of signalling. It was 
in such researches for military purposes that the National Acad- 
emy had its origin. 

The period of these experiments was an anxious one. Many 
months of war, marked by serious and unexpected reverses, 
had left small room for over-confidence, and taught the neces- 
sity of utilizing every promising means of strengthening the 
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northern arms. With one or two notable exceptions, the great 
scientific bureaus of the Government, now so powerful, had 
not come into existence. But the country was not without its 
leaders of science and engineering, both within and without the 
Government circle. Davis, fighting Admiral, Chief of the Bur- 
eau of Navigation, and founder of the Nautical Almanac; Bache, 
Superintendent of the Coast Survey, and designer of the defenses 
of Philadelphia; and Joseph Henry, of whom we have already 
spoken, clearly recognized the need of a national organization, 
embracing the whole range of science, to advise the Government 
on questions of science and art. Joining with them Louis Agassiz 
the great naturalist; Benjamin Peirce, mathematician and 
astronomer; and B. A. Gould, founder of the Observatory of the 
Argentine Republic, they planned the National Academy of 
Sciences. A bill to incorporate the Academy was introduced in 
in the Senate by Senator Wilson of Massachusetts on February 
21, 1863. This passed the Senate and the House, and was 
signed by President Lincoln on March 3. This bill, which 
was subsequently amended to remove the limitation of member- 
ship, and to permit the Academy to receive bequests, is given 
below in its original form: 


An Act to Incorporate the National Academy of Sciences. 


Beit enacted by the Senate and House of Representatives of the United 
States of America in Congress assembled, That Louis Agassiz, Mass- 
achusetts; J. H. Alexander, Maryland; S. Alexander, New Jersey; A. D. 
Bache, at large; F. А. P. Barnard, at large; J. С. Barnard. United States 
army, Massachusetts; W. H. C. Bartlett, United States Military Acad- 
emy, Missouri; U. A. William Boyden, Massachusetts; Alexis Caswell, 
Rhode Island; William Chauvenet, Missouri; J. Н.С. Coffin, United States 
Naval Academy, Maine; J. A. Dahlgren, United States navy, Pennsyl- 
vania; J. D. Dana, Connecticut; Charles H. Davis, United States navy, 
Massachusetts; George Engelmann, St. Louis, Missouri; J. F. Frazer, 
Pennsylvania; Wolcott Gibbs, New York; J. M. Gilliss, United States 
navy, Kentucky A. A. Gould, Massachusetts; B. A. Gould, Massachu- 
setts; Asa Gray, Massachusetts; A. Guyot, New Jersey; James Hall, New 
York; Joseph Henry, at large; J. E. Hilgard, at large; Illinois; Edward 
Hitchcock, Massachusetts; J. S. Hubbard, United States naval observa- 
tory, Connecticut; A. A. Humphreys, United States army, Pennsylvania; 
J. L. LeConte, United States army, Pennsylvania; J. Leidy, Pennsylvania; 
P. J. Lesley, Pennsylvania; M. F. Longstreth, Pennsylvania; D. H.Mahan, 
United States Military Academy, Virginia; J. S. Newberry, Ohio; H. A. 
Newton; Connecticut; Benjamin Peirce, Massachusetts; John Rogers, 
United States navy. Indiana; Fairman Rogers, Pennsylvania; R. E. 
Rogers, Pennsylvania; W. B. Rogers, Massachusetts; L. M. Rutherford, 
New York; Joseph Saxton, at large; Benjamin Silliman, Connecti- 
cut; Benjamin Silliman, junior, Connecticut; Theodore Strong, New 
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Jersey; John Torrey, New York; J. G. Totten, United States army, 
Connecticut; Joseph Winlock, United States Nautica] Almanac, Ken- 
tucky; Jeffries Wyman, Massachusetts: J. D. Whitney, California, their 
associates and Successors, duly chosen, are hereby incorporated, con- 
stituted and declared to be a body corporate, by the names of the 
National Academy of Sciences. 

Sec. 2. And be it further enacted, T hat the National] Academy of 
Sciences shall consist of not more than fifty ordinary members, and the 
said corporation hereby constituted Shall have power to make its own 
organization, including its constitution, by-laws, and rules and regu- 
lations; to fill all vacancies created by death, resignation, or otherwise: to 
provide for the election of foreign and domestic members, the division 
into classes, and al] other matters needful or usual in such stitutions, 
and to report the Same to Congress. 

Sec. 3. And be it further enacted, That the National Academy of 


as may be designated, and the Academy shall, whenever called upon by 
any department of the Government, investigate, examine, experiment and 
report upon any subject of Science or art, the actual expense of such in- 
vestigations, examinations, experiments, and reports tobe paid from ap- 
Propriations which may be made for the purpose; but the academy shall 
receive no compensation whatever for any services to the Government of 
the United States. 
SOLOMON Foote, 
President of the Senate pro tempore. 
GALUSHA A. Grow, 
Speaker of the House of Representatives. 
Approved, March 23, 1863 
ABRAHAM LINCOLN, President. 


in the Memoirs of the National Academy; Rear Admiral John 
Dahlgren, Chief of Ordnance, U. S. N ә inventor of heavy guns; 
Brigadier General A. A. Humphreys, Chief of Engineers, U. S. 
A., reclaimer of lands inundated by the Mississippi River; Pro- 
fessor D. A. Mahan, Engineer Corps, author of standard treatises 
on civil and military engineering; Fairman Rogers, Professor of 
Civil Engineering in the University of Pennsylvania ; and General 
J. G. Totten, Chief of Engineers, U. S. A., distinguished for his 
development of coast defences.* 
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As the adviser of the Government on questions of science, the 
Academy was immediately called upon by the War and Navy 
Departments to report on various problems connected with the 
war. Among these reports the following may be mentioned: 

On the Protection of Bottoms of Iron Vessels from Corrosion 2 

On the Adjustment of Compasses to Correct Magnetic Deviation in 
Iron Ships. 

On Wind and Current Charts and Sailing Directions. 

On the Explosion on the United States steamer Chenango. 

On Experiments on the Expansion of Steam. 

On the Preservation of Paint on Army Knapsacks. 

In addition to such formal reports from special committees 
many members of the Academy contributed individually to 
the study of war problems. Thus we find in the early records 
titles of such papers as the following: 


F. A. P. Barnard: Оп the force of fired gun-powder and the pressure 
to which heavy guns are actually subjected in firing. 

Joseph Henry: Оп materials for combustion of lamps in lighthouses. 

J. E. Hilgard: On a chronograph for measuring the velocity of pro- 
jectiles. 

J. E. Hilgard: Note on the changes that have taken place in the bar 
of Charleston Harbor since the sinking of obstructions in the main 
channel. 

B. A. Gould: Various papers on the stature, proportions, ages, and 
vision of American soldiers. 

W. Н. C. Bartlett: Оп rifle guns. 


Most of the work of the members on war problems was, of 
course, not embodied in published papers, though it formed an 
important part of the activities of the Government. 

This illustration of a national organization of science, includ-. 
ing representatives of the Army, Navy and civil branches of the 
Government, cooperating closely with men of science in civil 
life, has an interesting parallel in the wars of Napoleon. Asa 
member of the Paris Academy of Sciences, Napoleon fully 
appreciated the importance of science in connection with war. 
In organizing his military expedition to Egypt, he drew largely 
on the membership of the Academy of Sciences, taking with him 
a most brilliant company of scientific investigators, representing 
every field of research. While in Egypt, where he invariably 
signed himself "Le membre de l'Institut, général en chef," 
Napoleon organized the Institute of Egypt in Cairo, the com- 
plete records of which are fortunately preserved in a volume en- 
titled, “Mémoires sur l'Egvpte," (Paris An. VIII). From the 
minutes of the meetings we find that ‘Че citoyen Bonaparte," 
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who attended as a member without office, would frequently 
present requests for the formation of committees to report on 
such problems as the baking of bread for the armies, and the 
possibility of making gun powder in Egypt. Other phases of 
science did not escape his interest, as we recognize from the fact 
that one of the committees appointed at his request was for the 
purpose of reporting on the establishment of an astronomical 
observatory in Egvpt. At the same time his architects and 
archeologists were carrying on extensive studies of the antiqui- 
ties of Egypt, which are embodied in a superbly illustrated series 
of folio volumes and mark the first great step in Egyptian 
archeology, leading to the successful labors of Champollion, 
Mariette, and Maspero, and the dominance of the French school 
in Egypt under British administration. 

If circumstances demanded, we might easily go still farther 
back in history to illustrate the connection between science and 
war, as Alexander the Great took with him on his famous cam- 
paigns men of science who determined the positions of captured 
territory by observations of the stars, and conducted other 
scientific work. But it is unnecessary to go further into details, 
since it is clear that any great leader of a state, with sufficient 
imagination to look at his problems in a large way, must appreci- 
ate the importance of utilizing the resources which science has 
placed at his disposal. 


SCIENCE 1N THE PRESENT WAR 


One of the most striking results of the present war is the greatly 
increased emphasis which it has laid on the national import- 
ance of science and research. The sharp spur of necessity. felt 
by the Allies soon after the opening of hostilities, drove them to 
the instant utilization of scientific research—the policy that lies 
at the foundation of Germany's military and industrial strength. 
The superficial notion that science itself 1s to be condemned be- 
cause of its barbarous misuse in German hands has no place in 
the minds of clear-thinking people, who perceive, more plainly 
than ever before, its significance as a fundamental factor in 
national progress. Statesmen ignorant of the bearing of science 
on the problems of war have given place to more enlightened 
men, and all governments that have felt the pressure of military 
and industrial necessity are now vying with one another in 
promoting scientific research. 

The activities of the National Academy of Sciences during the 
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Civil War, as well as the provisions of its charter, indicated its 
fitness for renewed service in support of the national defence. In 
April 1916, when the attack on the “Sussex” had greatly in- 
creased the tension of our relations with Germany, the Academy 
received from the President a call for immediate action. The 
rapid development of technical bureaus and laboratories in 
connection with the various branches of the Government left no 
demand for another scientific bureau. But the same function 
which the Academy had subserved during the Civil War—that of 
uniting the technical services of the Army, Navy and Civil De- 
partments in close cooperation with scientific investigators from 
research laboratories all over the country—must, in the Presi- 
dent's judgment again be fulfilled. He therefore expressed the 
desire that the Academy should bring into cooperation govern- 
mental, educational, industrial, and other research agencies, 
primarily in the interest of the national defense, but with full 
recognition of the duties that must be performed in the further- 
ance of scientific and industrial progress. 

The Academy's connection with the Government, its inclusion 
of the whole range of science, and its many years of cooperation 
with the Royal Society of London, the Paris Academy of Sciences, 
and other similiar academies abroad, pointed to it as the only 
body in the United States in a position to comply with the Pres- 
ident's request. It was clear, however, that membership in the 
desired organization should not be exclusively confined to the 
National Academy. Many technical bureaus of the Army and 
Navy, for example, should be represented by their chief's 
er-offictis, and in other cases a changing membership, broadly 
representative of research in its numerous aspects, would also 
be desirable. The Organizing Committee accordingly recom- 
mended the establishment of a new body, resting legally upon 
the character of the Academy, sharing its privileges, both at 
home and abroad, and at the same time affording the wide 
freedom of selection desired. 

The National Research Council, comprising the chiefs of the 
technical bureaus of the Army and Navy, the heads of Govern- 
ment bureaus engages in scientific research, a group of investi- 
gators representing educational institutions and research founda. 
tions, and another group including representatives of industrial 
and engineering research, was accordingly constituted by the 
Academy with the active cooperation of the leading national 
scientific and engineering societies. Оп July 24, 1916, President 
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Wilson addressed a letter to the President of the National 
‚ Academy expressing his approval of a preliminary report regard- 
Ing the National Research Council, and promising his coopera- 
tion and that of the various departments of the Government. 
Since that time he has continued to give his support to the work 
of the Research Council, and has appointed various representa- 
tives of the Government to membership in it. 

Qn February 28, 1917, the Council of National Defense passed 
a resolution expressing its recognition of the fact that the 
National Research Council, at the request of the President, had 
organized the scientific resources of the country in the interest 
of national defense and national welfare, and requesting the 
Research Council to cooperate with it in matters pertaining to 
scientific research for national defense. As a result of this action 
the Chairman of the Council opened offices in the Munsey 
Building in March, and entered into active cooperation with the 
Council of National Defense, which was then established in the 
same building. 

Soon afterwards the Research Council was requested to act 
as the Department of Science and Research of the Council of 
National Defense, in which capacity it has continued to serve 
for the organization of investigations on military and industrial 
problems and, in harmony with the expressed wish of the Presi- 
dent, as an agency for securing widespread cooperation in the 
field of science and research. 

A further extension of the duties of the National Research 
Council occurred in July, when it was requested by the Chief 
Signal Officer to organize the Division of Science and Research 
of the Signal Corps. Major (now Lieutenant Colonel) Robert 
A. Millikan was placed in charge of this Division, which has re- 
nlained in close contact with the Research Council, engaged in 
the solution of numerous problems of military importance. 

Another important request on behalf of the Government, 
made by Assistant Secretary of War Stettinius, resulted in the 
appointment of a Committee of the Research Council to organize 
and direct extensive researches for the improvement of pro. 
cesses for the fixation of nitrogen, undertaken in cooperation 
with the Ordnance Department of the Army. 

Before describing the war activities of the Research Council, 
it will be advantageous to consider the full scope of its duties, as 


set forth in an Executive Order issued by the President on May 
11, 1918 
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EXECUTIVE ORDER OF PRESIDENT WILSON 


. The National Research Council was organized in 1916 at the request of 
the President by the National Academy of Sciences, under its congres- 
sional charter, as a measure of national preparedness. The work ac- 
complished by the Counci in organizing research and in securing co- 
operation of military and civilian agencies in the solution of military 
problems demonstrates its capacity for larger service. "The National 
Academy of Sciences is therefore requested to perpetuate the National 
Research Council, the duties of which shall be as follows: 


l. In general, to stimulate research in the mathematical, physical 
and biological sciences, and in the application of these sciences to engineer- 
ing, agriculture, medicine and other useful arts, with the object of in- 
creasing knowledge, of strengthening the national defense, and of con- 
tributing in other ways to the public welfare. 

To survey the larger possibilities of science, to formulate compre- 
hensive projects of research, and to develop effective means of utilizing 
the scientific and technical resources of the country for dealing with 
these: projects. 

3. To promote cooperation in research, at home and abroad in order 
to secure concentration of effort, minimize duplication and stimulate 
progress; but in all cooperative undertakings to give encouragement to 
individual initiative, as fundamentally important to the advancement 
of science. 

4. To serve as a means of bringing American and foreign investi- 
gators into active cooperation with the scientific and technical services 
of the War and Navy Departments and with those of civil branches of the 
Government. 

5. To direct the attention of scientific and technical investigators to 
the present importance of military and industrial problems in connection 
with the war, and to aid in the solution of these problems by organizing 
specific researches. 

6. To gather and collate scientific and technical information at home 
and abroad, in cooperation with Governmental and other agencies and 
to render such information available to duly accredited persons. 


Effective prosecution of the Council's work requires the cordial collab- 
oration of the scientific and technical branches of the Government, both 
military and civil. To this end representatives of the Government, upon 
the nomination of the National Academy of Sciences, will be designated 
by the President as members of the Council, as heretofore, and the heads 
of the departments immediately concerned will continue to cooperate 
in every way that may be required. 


The White Housc 
May 11, 1918 


ж (signed) Wooprow Wi: son 


° THREE-FOLD NATURE OF THE COUNCIL WORK 


If we consider any research problem bearing on the war, we 
are likely to find that it has a three-fold nature. Take, for ex- 
ample, the question of the supply of optical glass for periscopes, 
range-finders, field glasses, and other instruments. Obviously 
such glass, most of which has hitherto been obtained from Ger- 
many, is necessary from a military point of view and also in the 
industries. Therefore researches must be undertaken to deter- 
mine how it can be made. Back of these lie the more funda- 
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mental researches on the nature of glasses, crystals, and minerals, 
undertaken for the purpose of advancing knowledge. Or take 
the problem of the fixation of nitrogen. Nitrates are needed for 
the manufacture of explosives and also for use as fertilizers. As 
we have obtained them in the past wholly from the nitrate bed 
of Chile, which are open to enemy interference, we must devise 
processes for their manufacture in the United States. Those in- 
volve researches for the direct purpose of accomplishing the 
necessary reactions, and back of these lie still more fundamental 
researches on the underlying scierttific principles. 

In these and many other similiar cases, we observe the three 
elements which are fundamentally important in the work of the 
National Research Council. It is clear that a nation unwilling 
to give place in the industrial world to better informed rivals 
must adopt every feasible means of promoting research in the 
industries. It is equally clear that so long as the security of the 
world is menaced by unscrupulous military powers, research 
methods must be effectively utilized in perfecting the means of 
national defense. Fundamental to both is the prime necessity, 
clearly appreciated and strongly emphasized by far-sighted 
leaders of American industry, of promoting research in all 
branches of science, without thought of any industrial appli- 
cation, for the sake of advancing knowledge. As Colonel Carty 
has said, the pioneers of industrial research are those who see 
and apply the discoveries of men of science, by whom new terri- 
tories are opened and explored. Without the knowledge de- 
rived form such explorations, the investigator bent upon im- 
mediate industrial advantage could make little progress. 

Thus any broad plan of promoting scientific and industrial 
research for national welfare must involve the cordial co-opera- 
tion of the men, institution$ and societies, interested in these 
three aspects of science: (1) its advancement as the source of 
new knowledge; (2) its development when applied in the fields 
of engineering, agriculture, medicine, and other useful arts; and 
(3) its utilization, so long as predatory military powers threaten 
national existence, as а means of strengthening the national 
defense. 

Our place in the industrial world, the developinent of our com- 
merce, the health of our people, the output of our farms, the 
conditions under which the great majority of our population 
must laber, and the security of the nation, will thus depend, in 
large and increasing measure, on the attention we devote to the 
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promotion of scientific and industrial research. Anyone who 
doubts this statement would do well to study in detail the causes 
which account for the industrial and military strength of 
Germany. 

CO-OPERATION WITH THE GOVERNMENT 

The final clause in the Executive Order of the President, 
which provides for the closest co-operation of the National Re- 
search Council with the various departments of the Government, 
is of fundamental importance. Chiefs of Government bureaus, 
nominated to the President by the National Academy of Sciences, 
have been appointed members of the National Research Council, 
in which they constitute its Military Division. This Division 
consists of the Chief of Operations of the Navy, the President of 
the Army War College, the Chiefs of Ordnance of the Army and 
` Navy, the Chief Signal Officer of the Army, the Chief Naval 
Constructor, the Surgeon General of the Army, the Engineer in 
Chief of the Navy, the Chief of Engineers of the Army, the 
Director of Naval Intelligence, and the Chief of the Military In- 
telligence Section, together with the Chief of the Weather 
Bureau, the Chief of the Bureau of Chemistry, the Director of 
the Bureau of Mines, the Director of the Geological Survey 
the Chief of the Bureau of Forestry, the Director of the Council 
of National Defense, the Director of the Bureau of Standards 
(Vice Chairman), and the Secretary of the Smithsonian In- 
stitution (Chairman). | 

One of the most valuable results of the cooperation effected 
through the Military Division is the organization of the Re- 
search Information Committees, with offices in Washington, 
London and Paris. The importance of this step, which should 
have direct influence upon international cooperation in scientific 
research, especially if the position of Scientific Attache of our 
embassies abroad is maintained after the war, is such as to 
warrant the following detailed statement regarding the organi- 
zation and work of the Research Information Committee. 

1. By joint action the Secretaries of War and Navy, with the 
approval of the Council of National Defense, have authorized 
and approved the organization, through the National Research 
Council, of a Research Information Committee in Washington, 
with branch Committees in Paris and London, which are in- 
tended to work in close cooperation with the offices of the Mili- 
tary and Naval Intelligence, and whose function shall be the 
securing, classifying, and disseminating of scientific, technical 
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and industrial research information, especially relating to war 
problems, and the interchange of such information between the 
Allies in Europe and the United States. 

2. In Washington the Committee consists of, fist: a civilian 
member representing the National Research Council, Dr. S. W. 
Stratton, Chairman; second, the Chief, Military Intelligence 
Section; third, the Director of Naval Intelligence; and fourth, a 
Technical Assistant, Dr. Graham Edgar. Similiar Committees 
are being organized in Paris and London. 


3. The initial organization of the Committee in Paris is: 


(a) The Scientific Attache, representing the Research In- 
formation Committee, Dr. W. F. Durand, Attache. 

(b) The Military Attache or an officer deputed to act for 
him. 

(c) The Naval Attache or an officer deputed to act for him. 

(d) A Technical Assistant, Dr. K. T. Compton. 

(e) A Military Assistant, Mr. Tod Ford.. 


4. The initial organization of the Committee in London is: 


(a) The Scientific Attache representing the Research In- 
formation Committee, Dr. H. A. Bumstead, Attache. 

(b) The Military Attache or an officer deputed to act for him. 

(c) The Naval Attache or an officer deputed to act for him. 

(d) A Technical Assistant, Mr. S. W. Farnsworth. 


5. The chief functions of the foreign Committees thus 
organized are intended to be as follows: 

(a) The development of contact with all important research 
laboratories or agencies, governmental or private; the compil- 
ation or problems and subjects under investigation; and the 
collection and compilation of the results obtained. 

(b) "The classification, organization and preparation of such 
information for transmission to the Research Information Com- 
mittee in Washington. 

(c) The maintenance of continuous contact with the work of 
the offices of Military and Naval Attaches, in order that all 
duplication of work or crossing of effort may be avoided, with 
the consequent waste of time and energy and the confusion re- 
sulting from crossed or duplicated effort. 

(d) To serve as an immediate auxiliary to the offices of the 
Military and Naval Attaches in the collection, analysis, and 
compilation of scientific, technical, and industrial research infor- 
mation. 
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(e) To serve as an agency at the immediate service of the 
Commander-in-Chief of the Military and Naval forces in Europe 
for the collection and analysis of scientific and technical research 
information and as an auxiliary to such direct military and naval 
agencies as may be in use for the purpose. 

(f) To serve as centers of distribution to the American Ex- 
peditionary Forces in France and to the American Naval Forces 
in European Waters of scientific and technical research informa- 
tion originating in the United States and transmitted through 
the Research Information Committee in Washington. | 

(g) То serve as centers of distribution to our Allies in Europe 
of scientific, technical and industrial research information 
originating in the United States and transmitted through the 
Research Information Committee in Washington. 

(h) The maintenance of the necessary contact between the 
officer in Paris and London in order that provision may be made 
for the direct and prompt interchange of important scientific 
and technical information. 

(1) To aid research workers or collectors of scientific, techni- 
cal and industrial information from the United States, when 
properly accredited from the Research Information Committee 
in Washington, in best achieving their several and particular 
purposes. 

6. The chief functions of the Washington office of the Com- 
mittee are as follows: 

(a) To provide means of ready cooperation with the Paris 
and London offices of the Committee by: 

1. Receiving, collating and disseminating information for- 
warded from these offices. 

2. Rendering available such evidence and documents as may 
be collected by the National Research Council relative to re- 
search in the United States, so as to formulate replies to inquiries 
sent from abroad. 

3. Communicating to foreign offices needs for additional іп- 
formation relating to problems originating in the United States. 

(b) Classification, cataloging and filing of papers and re- 
ports received from various sources at the request of the National 
Research Council, and record of researches in progress con- 
cerning which detailed information may be obtained elsewhere. 

(c) Issue of lists of available information and preparation of 
digests of such information for distribution to properly accredited 


persons. 
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(d) Maintenance of contact with various research agencies 
in the United States. 

An appropriation of $138,400 has been made by the Council of 
National Defense to cover the expenses of the Research Informa- 
tion Committee for the current year. 

Vice-Admiral Sims, in Command of the U. S. Naval Forces 
Operating in European Waters, has been particularly cordial in 
his welcome of the foreign representatives of the Research 
Council. Fully appreciating the possibilities of scientific co- 
operation, he has issued a circular letter to all naval officers and 
investigators in Europe, directing them to facilitate the work of 
the Scientific Attache in every possible way, to keep him fully 
informed of investigations in progress or needed, and to make 
every proper effort to see that all investigators, whether officers or 
civilians, shall consult the Scientific Attache in order to avoid 
unnecessary duplication of work and to utilize scientific and 
technical information obtained from any source. He has also 
created a Scientific Division of his staff, and placed Dr. Bum- 
stead at its head. Major-General Biddle, in command at Ameri- 
can Army Headquarters in England, has issued similiar orders 
to ordnance, engineer, gas, signal, aviation, medical and other 
officers in England. The British Government, on its part, has 
opened every source of information to Dr. Bumstead, and pro- 
vided for the closest cooperation in research. 

In Fiance, Dr. Durand is also in close touch with cur own 
Army and Navv, and with the French Government and men of 
science. Не has also been appointed the representative of the 
United States on the Inter-Allied Board of Inventions. 

The Ministry of Munitions in Rome has recently 1equested, 
through the Italian Ambassador in Washington, that a repre- 
sentative of the National Research Council be sent to Rome as 
Scientific Attache and hcad of an Italian branch of the Research 
Information Committee. 

The natural development of the work of the Research In- 
fcrmaticn Committee will lead to the concentration in the office 
of the National Research Council, where the Washington head- 
quarters of the Committee is established, of all available in- 
fcrmation regarding research problems unde: investigation both 
in the United States and abioad. At the same time a service 
is being developed for the purpose of bringing properly accredited 
inquirers into touch with existing sources of scientific, technical, 
and engineering information in the United States. One of the 
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mcst valuable cf these 1s the Information Service cf the Ameri- 
can Society of Mechanical Engineers, which is furnishing much 
important material to the National Research Council. A central 
offüce from which inquirers may be directed to Government 
bureaus and to such sources of information as that just mentioned 
has long been needed, and it is possible that the service of the 
Research Infcrmation Committee, once well organized, will be 
in increasing demand. | 

In this same field of supplying infoimaticn on scientific and 
technical subjects, the work of the Rescarch Council has al- 
ready been developed in several different directions. For ex- 
ample, a sub-committee of the Geology Committee, consisting 
of one geologist and one highway engincer from each of nine- 
teen states extending from Maine to Texas, has collected a very 
large body of information regarding materials for rapid highway 
constructicn along the Atlantic coast. The elaborate report of 
this Committee, bound in seven volumes, with three atlases, has 
already been of considerable service, not merely from the stand- 
point cf these interested in highway construction for possible 
military purposes, but also to the Shipping Bcard in connection 
with the problem of building concrete ships, fcr which the stone 
quairies described іп the report are often adapted. In another 
field the work of the Botanical Raw Products Committee has 
supplied extensive data relating to raw products 1equired by in- 
dustries, especially in cases where imports have been atfected bv 
the war. In still another field the Research Council has been 
called upon to cooperate with the Army War College in supply- 
ing information relating to tcpographical, geographical and re- 
lated subjects. Without mentioning other cases in which the 
aid of the Research Council has been sought for the purpose of 
supplving technical information, it 1s clear that this section of 
its work, not only during the war but after its conclusion is likelv 
to undergo extensive development. 


How THE RESEARCH COUNCIL OrkERATES—ÍNTERNATIONAL 
OPERATION IN RESEARCH 

When a scientific investigator undertakes any piece of re- 
search, his first act is invariably to ascertain just what work has 
already been accomplished in that field. It goes without saying 
therefore, that an crganizati¢n composed of scientific investi- 
gators must proceed in the same way in attacking any large 
problem involving research. Moreover, it must lose no time in 
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arranging for close cooperation with the scientific men of other 
nations concerned with the same problem. 

The writer, as chairman of the committee appointed by the 
National Academy to organize the Research Council, made a 
preliminary visit to England and France in August 1916, in order 
to learn how the scientific men of these countries were to be 
utilized in connection with the war. He found the investi- 
gators with whom he had cooperated for many years in as- 
tronomical and physical researches, actively engaged in the 
study of war problems. To the superficial observer it might 
seem strange that a physicist who has never before been engaged 
in so-called “practical” work, or an astronomer who had spent 
his life in the study of celestial phenomena, should be able to 
contribute effectively in time of war. But a moment's con- 
sideration of the nature of the problems to be solved, and a 
slight understanding of the methods in daily use by the physicist 
and the astronomer, would dispel any such impression. If I 
were free to betray military secrets, I could show that some of 
the most vital military questions have been solved by just such 
men. But enough will be said in the sequel to indicate how 
both the man of science and the engineer may render invaluable 
war service. 

On the day preceding the entrance of the United States into 
the war, the following cablegram was sent by the Foreign 
Secretary of the National Academv of Sciences to the Roval 
Society of London, the Paris Academy of Sciences, the Accademia 
dei Lincei of Rome, and the Petrograd Academy of Sciences— 
leading scientific bodies with which the National Academy has 
cooperated for many years in the International Association of 
Academies: 


The entrance of the United States into the war unites our men of 
science with yours in a common cause. The National Academy of 
Sciences, acting through the National Research Council, which has been 
designated by President Wilson and the Council of National Defense to 
mobilize the research facilities of the country, would gladly cooperate in 
any scientific research still underlying the solution of military or in- 
dustrial problems. 

HALE, Foreign Secretary. 


Steps were also taken to despatch a group of seven scientific 
investigators, under the chairmanship of Dr. Joseph S. Ames, to 
France and England for the study of war problems and the ar- 
rangement of effective means of cooperation. The members of 
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the group sailed early in May, 1917, and were most cordially 
welcomed and given information of great value. 

: -The response of our foreign colleagues to our offer. ef co- 
operation was immediate and effective. France sent to the 
United States an able group of investigators, headed by M. 
Fabry, the well known spectroscopist of Marseilles, with whom 
some of us has worked for years in the International Union for 
Cooperation in Solar Research. This group comprised such 
men as M. Abraham, able physicist and authority on wireless 
telegraphy, and the Duc de Gusche, who has no superior in his 
knowledge of the science of aeronautics. From England the 
Royal Society and the British Admiralty sent Sir Ernest Ruther- 
ford and Commander Cyprian Bridge, R. N., while Italy sent 
Lieutenant Giorgio Abetti, of the Osservatorio del Collegio 
Romano and the Italian Ministry of Munitions. The French 
members brought with them an invaluable collection of instru- 
ments and devices developed in France for military and паа! 
purposes since the outbreak of the war. 

Immediately after the arrival of this party in Washington, the 
National Research Council organized a conference on submarine 
problems, in which the foreign representatives, with members 
of the Navy Department and the physicists and engineers who 
had already studied the subject in this country, participated.* 
As the result of a two-day's discussion, it became clear that a 
greatly intensified attack on the problem should be made. "The 
Research Council accordingly brought to Washington about 
forty leady physicists апа engineers, and a second conference, of 
three days' duration, was held with the fo1eign naval officers and 
men of science. This resulted in the selection cf several groups 
of investigators, to take up the problem at the point in its de- 
velopment already attained heie and abroad, and to continue 
its study in cooperation with a board of naval officers appointed 
by the Secretary of the Navy. While I am not at liberty to 
mention the results of the investigations thus initiated, I have 
thought it worth while to describe the mode of procedure in 
order to illustrate how the Research Council conducts its work. 


*Three able groups of investigators were already to work on this prob- 
lem in the United States under the Bureau of Steam Engineering of the 
Navy, and both the Naval Consulting Board and the National Research 
Council had taken an active part in promoting studies of the submarine 


` problem. 
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RESEARCH CONFERENCE ON MILITARY AND NAVAL PROBLEMS 


The great value of research conference on war problems, in 
which representatives of the technical bureaus of the Army and 
Navy join with members of the scientific bureaus of the civil 
Departments and with representatives of university, industrial 
and other research laboratories, is too obvious to require de- 
monstration. Such conference, organized under regulations 
prescribed by the Military Division of the National Research 
Council, are held weekly under the immediate auspices of the 
Engineering and Physics Divisions. The discussions are based 
upon reports of researches on military and naval problems in 
progress in the United States, supplemented by the reports re- 
ceived at short intervals from abroad through the Research In- 
formation Committee. ` 

Such conferences not only serve to stimulate research in the 
most effective wav, thev also insure that principles and methods 
developed in one branch of the service shall be made available 
inevery other branch. "Thus every bureau, whether of the Armv 
or the Navv, is sure to find points of interest and importance in 
the discussion held at these conferences. 


WAR PROBLEMS INVOLVING SCIENTIFIC RESEARCH 


It is evident that no detailed account of work on war problems 
involving scientific research can be given without affording in- 
formation to the enemy. If vou will permit us, however, to 
omit the most interesting part of what such an account should 
be, I may hope to afford some 1dea of the character of the chief 
work of the National Research Council. 

The War Organization of the Council involves the grouping 
of its various Committees under a series cf Divisions, each of 
which deals with related subjects. Thus the Physics Division 
comprises the wcrk cf committees of Phvsicists, mathematicians, 
astronomers and geophysics. This Division works in very close 
cooperation with the Engineering Division, in view of the im- 
possibilitv of distinguishing sharply between the problems be- 
longing in their respective fields. Under the Engineering Di- 
visic n, which represents the expansion of the work of our former 
Engineering Committee due to the rapidly increasing demands 
upon the Council from Government bureaus and other sources, 
there are Sections or Committees dealing with mechanical en- 
gincering, electrical engineering, metallurgv, and with various 
special fields of research. The National Advisory Committee 
for Aeronautics acts as the Aeronautics Section of the Engineer- 
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ing Division. Permit me to express here the appreciation of the 
National Research Council of the action of the Engineering 
Foundation and the National Engineering Societies, which have 
appointed representatives to serve as members of the Executive 
Committee of the Engineering Division. We have been fortu- 
nate enough to secure the services of Dr. Henry M. Howe as 
Chairman of this Division, while the Chairmanships of the 
Sections of.Electrical Engineering, Metallurgy and Mechanical 
Engineering, are held by Professor Comfort A. Adams, Mr. 
S. L. G. Knox, and Professor Bradley Stoughton, respectively. 
Lieutenant Colonel Robert A. Millikan, who also heads the 
Division of Science and Research of the Signal Corps, is Chair- 
man of the Physics Division. 

Within the extensive field covered, by these two Divisions, 
numerous problems are constantly presenting themselves. Take 
such a subject as naval range finders. Неге we are dealing with 
an optical instrument of precision, involving methods employed 
by the physicist and by the astronomer concerned with the 
measurement of stellar parallaxes. As existing range finders are 
marked by several defects, a well-known physicist, who has had 
extensive experience in the development of new types of instru- 
ments, was requested to attack the problem. He has already 
constructed a new range finder which seems to offer important 
advantages. 

Another problem 1n physics 15 the location of enemy guns by 
sound. As M. Painlevé has stated publicly that apparatus de- 
vised by the French physicists for this purpose has been cap- 
tured by the Germans, there can be no harm in referring to it. 
Here it is a question of determining the exact time of arrival of 
the sound wave emitted by the discharge of an enemy gun at 
three or more points where automatic recording instruments 
are located. The research problem involved is therefore the 
development of simple and effective recording instruments and 
a rapid method of calcul ation which will permit the observations 
to be reduced and the position of the enemy gun located in the 
shortest possible space of time. The National Research Council 
initiated the sound ranging service of the Army under the Signal 
Corps (it was subsequently transferred to the Engineer Corps), 
and secured the development of new forms of recording appar- 
atus. ^ Major Augustus Trowbridge of Princeton, who is in 

*Captain Ernest Weibel, who took part at the Bureau of Standards in 


developing а new recording instrument, was killed at the front in France 
while applying the method. 
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charge of the service т France, is a well known physicist. The 
quickest method hitherto devised of reducing the observations 
is due to an equally well known Princeton astronomer, who is 
working under the auspices of the National Research Council. 

Ancther field in which the experience of the astronomer in 
computing orbits is directly applicable is that connected with 
the dropping of bombs from aircraft and the calculation of the 
trajectories of projectiles. Here several physicists .and astron- 
omers have obtained new and interesting results, useful in 
military practise. Many submarine problems, the location of 
invisible aircraft, various questions connected with. wireless 
communication, the visibility of objects on land and sea, and 
sccres of other questions falling within the fields of acoustics, 
optics, electricity and other branches of physics, afford abundant 
opportunity for researches of the most varied character. Also 
lying within the field of the Physics Division is the work of the 
Committee on Navigation and Nautical Instruments, under 
the Chairmanship of Dr. L. A. Bauer, which has aided the 
Shipping Board in the selection and testing of compasses, 
chronometers, and other nautical instruments. 

The Engineering Division has dealt with such problems as 
the design of two new types of gun, for one of which the Ord- 
nance Department of the Army has made a special appropria- 
tion. It is making an extensive study, in cooperation with the 
Ordnance Bureau of the Navy, of the entire problem of gun- 
pointing, which involves a great variety of interesting questions 
and the cooperation of men who have derived the necessary ex- 
perience from their work in engineering, physics and other 
branches of science. Another very interesting investigation 
ccnducted under the auspices of the Engineering Division has 
dealt with the best composition and design of helmets and pro- 
tective body armor for troops. Dr. Bashford Dean, Chairman 
of this special Committee, and now a major in the Ordnance De- 
partment of the Army, is Curatcr of Arms and Armor at the 
Metropolitan Museum of Art. Dr. Henry M. Howe, the well 
known metallurgist, is another active member of this Committee. 

It is unfortunate that I cannot go into the very interesting de- 
tails of the work done under these related Divisions, as it would 
be so easy to illustrate the importance of securing such wide- 
spread ccoperation in research as the National Research Council 
is especially intended to promote. 

Passing on to the important Divisicn of Chemistry and Chemi- 
cal Technology, organized by Professor (now Lieutenant Col- 
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onel) Marston T. Bogert, and now under the Chairmanship of 
Dr. Jchn Johnston, we enter a field of the first importance from 
a military and industrial standpoint. It is impossible here even 
to touch upon the extensive work of this Division, which in- 
cludes thirty-fcur committees dealing with various phases of 
chemistry. Perhaps the most important work undertaken by 
the Division is the exhaustive study of processes for nitrogen 
fixation, conducted under its auspices. The first committee 
appointed by the Nationa] Research Council in May 1916 at the 
request of the Secretary of War, was charged with the duty of 
advising the Ordnance Department of the Army regarding the 
best processes to be adopted in its great nitrate plants. Dr. 
Arthur A. Noyes, Chairman of this Committee, is also Chair- 
man of a new Committee, recently appointed by the Research 
Council at the request of Assistant Secretary of War Stettinius to 
survey the researches now in progress for the improvement of 
these processes, to plan further investigations relating to nitro- 
gen-fixation, to arrange for the active prosecution of such in- 
vestigations, and to exercise close oversight over their progress. 
Working in cooperation with the officers of the Ordnance De- 
partment, this Committee has initiated various researches for 
the purpcse of improving .existing processes, one of which has 
proved so successful that it will materially reduce the cost of 
nitrogen fixation. 

It should be said here, once for all, that the policy of the 
National Research Council is now and has been from the out- 
set invariably to recommend the immediate adoption and utili- 
zation for military and naval purposes of the best devices or 
methods known at the time, with the understanding that re- 
search for the purpose of improving such devices should not re- 
tard production demanded to meet pressing military needs. 

Passing over, for lack of space, the many other activities of 
the Division of Chemistry, a word should be said regarding the 
Division of Geology and Geography, under the Chairmanship of 
Dr. John C. Merriam, which includes Committees on both of 
these subjects. The important work on road materials done 
under the supervision of the late Dr. William Bullock Clark, as 
a part of the work of the Geology Committee (Dr. John M. 
Clarke, Chairman), has already been mentioned. The Division 
is working in close cooperation with the Army War College, and 
has sent a geologist abroad to report on the best services of 
geologists in connection with the war. А valuable “Handbook 
of Northern France’’, prepared by Dr. William M. Davis, Chair- 
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man of the Geography Committee, has been widely circulated 
among American officers. The general information thus sup- 
plied is being supplemented by lectureson military geography 
given in the various contonments. In this connection special 
mention should be made of an important work prepared by 
Major Douglas W. Johnson, a member of the Geography Com- 
mittee now in France, entitled “Topography and Strategy in 
the War." 

The Division of Medicine and the Related Sciences, under the 
Chairmanship of Dr. R. M. Pearce, includes Committees on 
Anatomy, Physiology, Psychology, Anthropology, Medical 
Zoology, Toxicity of Preserved Foods, Psychiatry, and other 
special subjects, and is one of the most active Divisions ot the 
Research Council. Aided by an appropriation of $50,000 from 
the Rockefeller Foundation, and working in the closest coopera- 
tion with the Surgeon General of the Army (through Colonel 
Russell) and of the Navy (through Dr. Stitt), it has organized 
many researches of direct military value, assisted the Surgeons 
General of the Army and Navy in procuring trained investi- 
gators to enter the respective services, and initiated many other 
activitics of importance. It isimpossible within present limits to 
describe the numerous medical researches undertaken. About half 
of them are in the field of physiology alone, and deal with prob- 
lems of shock, control of hemorrhage and similar subjects. The 
remaining half are divided, roughly, between problems concern- 
ing the acute infectious diseases, the control of vermin, food 
problems, and the diseases of munition workers. 

A word should be said regarding the novel and important . 
work in psychology, due to the initiative of Major Robert M. 
Yerkes, Chairman of the Psychology Committee of the Research 
Council. Perceiving the possibility of psychological examina- 
tion as applied to the Army, and with the active aid of a strong 
ccmmittee, Dr. Yerkes prepared a scheme of psychological ex- 
amination, and secured permission to test it with troops. Mean- 
while a plan for applying tests on a large scale had been prepared 
and presented to the Surgecn General through the National 
Research Council. The preliminary tests impressed military 
officers so favcrably that a new Division of the Surgeon General's 
Office was created, and Dr. Yerkes was commissioned a major 
in charge of the work. The psychological tests are now being 
applied to all troops іп the Army, and the intellectual rating 
thus afforded has proved to be very usetul in practise. This is 
one of the most interesting scientific innovations of the war. 
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As the functions of the Committee on anthiopology in con- 
nection with military needs might not be grasped without re- 
flection, it should be remarked that this Committee then under 
the Chairmanship of Dr. William H. Holmes, was the first to 
point out that under the former height limit of enlistment (five 
feet, four inches) the taller native American would be discrimin- 
ated against when compared with the shorter immigrants from 
many European nations. The figures presented by the Com- 
mittee convinced the War Department, and the height limit was 
accordingly reduced to five feet, in accordance with the recom- 
mendations of the Committee. А further result of this Com- 
mittee's activities is the organization of a Division of Anthro- 
pometric Measurements in the Surgeon General's office, under 
the charge of Dr. C. B. Davenport. | 

The field covered by the Division of Agriculture, Botany, 
Zoology, Forestry and Fisheries, under the Chairmanship of 
Dr. Vernon Kellogg, is a wide one, of fundamental importance 
in connection with the war. Working in close cooperation 
with the Department of Agriculture, the Bureau of Forestry and 
Fisheries, and the Food Administration, this Division is ac- 
complishing much valuable work. The information collected 
by the Botanical Raw Products Committee, under the Chair- 
manship of Dr. E. M. East, has already been mentioned. The 
Agriculture Committee has initiated several large investigations 
involving the cooperation of members of the Department of 
Agriculture, State Experiment Stations, and investigators in the 
universities. The last piece of work organized by the Division 
was undertaken at the request of the Food Admministration, 
which requested the Research Council to appoint a committee 
to investigate binder twine fibres with special reference to sisal 
and its substitutes. 

I might go on to describe other phases of the Resea1ch Council's 
work, including the activities of the Patent Office Committee, 
appointed at the request of the Commissioner of Patents; the 
Section on cooperation with state research committees and with ` 
the research committees established at the suggestion of the 
Research Council in seventy-two eductional institutions; the 
Committee which has undertaken a census of the investigators 
and research facilities of the country; etc. Tc do so, however, 
would greatly enlarge this paper, which is already too long. I 
will therefore close with a brief statement of the work inaugu- 
rated by the Council for the promotion of research in the. 
industries. 
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INDUSTRIAL RESEARCH AND NATIONAL WELFARE 


At the outbreak of the war the average statesman of the Allied 
powers was but little concerned with the interests of research. 
Necessity, however, soon opened his eyes. He began to perceive 
the enormous advantages derived by Germany from the utili- 
zation of science, and sought to offset them by the creation of 
appropriate agencies. Thus arose throughout the British 
Empire а group of Councils for Scientific and Industrial Re- 
search. The first of these was established in England by an 
order in council issued in 1915. Subsequently, Canada, Aus- 
tralia and South Africa followed the example of the mother 
country, and New Zealand propcses to do likewise. The world- 
wide movement swept acrcss the Empire, and its benefits will be 
felt in every country under the British flag. А similar awaken- 
ing was experienced in France and Italy, but in both of these 
countiies the pressure of the war concentrated attention fbr the 
moment upon military problems. At present, the needs ot in- 
dustry are also under consideration, and research organizations 
are being developed to meet them. 

Without entering here into a detailed discussion of these 
Councils, we may mention certain typical illustrations of their 
activities from the report of the British. Advisory Council for 
Scientific and Industrial Research for the year 1916-17. 

The British Advisory Council has devoted itself during the 
year mainly to the organization of industrial research, partly 
because of the prime importance of stimulating and fixing the 
interest of manufacture in the development of industry through 
research, and partly because the effect of the war has been to 
render industrial leaders more susceptible than ever before to the 
growth of new ideas. In pure science, on the contrary, the war 
has seriously affected the prosecution of research, because so 
many investigators have been drawn into military and industrial 
activities. Thus, while the Advisory Council strongly em- 
phasizes the fundamental importance of pure science, it has 
been forced to postpone its activities in this field until the ar- 
rival of more favorable conditions. 

Research for the development of the industries may be con- 
ducted in several different ways. In this country a stimulating 
example has been set by such great corpcrations as the Ameri- 
can Telephone and Telegraph Company, the General Electric 
Company, the Eastman Kodak Company, and the Westing- 
house Company, all of which have established large research 
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laboratories. The value of this example has been enhanced by 
the remarkable success achieved by these laboratories in matters 
affecting public welfare, such as the reduction in cost of electric 
lighting caused by the development of the Mazda lamp and the 
possibility of transcontinental telephony, not to mention the 
latest advances in the field of wireless telephony. 

Self-interest will sooner or later induce many other carpora- 
tions to adopt similar methods of improving their products, but 
the heavy expense of establishing independent research labora- 
tories will sometimes prove an insurmountable obstacle. Other 
means must then be resorted to. А useful example is that af- 
forded by the American Canners' Association, which has estab- 
lished central research laboratory in Washington, where any 
member of the Association can send his problems for solution 
and where extensive investigations, the results of which are 
important to the entire industry, are also conducted. 

The British. Advisory Council, aided by a Government appro- 
priation of one million pounds, is actively promoting the organi- 
zation of Trade Research Associations for the mutual benefit 
of the members of the great industries. Thus a Provisional 
Committee representative of the British cotton industry has 
proposed the establishment of a cooperative Association for Re- 
search in Cotton, ta include in its membership cotton spinning, 
doubling and thread making firms, cloth, lace and hoisery manu- 
facturers, bleachers, dyers, printers and finishers, which will 
conduct researches extending from the study of the cotton plant 
to the "finishing" of the manufactured article. So long ago as 
1835 Ваше wrote in his ‘‘Historv of the Cotton Manufacture” 
--“Тһе manufactory, the laboratory and the study of the 
natural philosopher, are in close practical conjunction; without 
the aid of science, the arts would be contemptible; without prac- 
tical application, science would consist only of barren theories, 
which men would have no motive to pursue." This spirit, 
clearly shown in the early cotton industrv, is now to be re- 
vived for the common benefit. 

The woolen and worsted manufacturers of Great Britain are 
also drafting the constitution of a Research Association, and 
the Irish flax spinners and weavers are about to do likewise. 
Research Associations will be established by the Scottish shale 
oil industry and the photographic manufacturers, while various 
other British industries are looking in the same direction. Thus 
a national movement for research, directly resulting from the 
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war, has already made marked headway. The Research Coun- 
cils in various parts of the British Empire, actuated by the same 
spirit, are rapidly extending the advantages which an appre- 
ciation of the national importance of research will afford. 

The National Research Council, joining with its valued ally 
and supporter, the Engineering Foundation, is just entering 
upon an extensive campaign for the promotion of industrial re- 
search. In addition to a strong active committee, comprising 
the heads of leading industrial research laboratories and others 
prominently identified with scientific methods of developing 
American industries, an Advisory Committee has been formed - 
to back the movement. This already comprises the following 
gentlemen: Honcrable Elihu Root; Mr. Theodore N. Vail 
President of the American Telephone and Telegraph Company; 
Dr. Henry S. Pritchett, President of the Carnegie Foundation 
for the Advancement cf Teaching; Mr. Edwin Wilbur Rice, Jr., 
President of the General Electric Company; Mr. George East- 
man, President of the Eastman Kodak Company, Mr. Pierre S. 
duPont, President cf the E. I. duPont de Nemours Powder Com- 
pany; Mr. A. W. Mellon, Founder of the Mellon Institute for 
Industrial Research; Judge E. H. Gary, President of the United 
States Steel Corporation; Mr. Cleveland H. Dodge, of the Phelps- 
Dodge Corporation, and Mr. Ambrose Swasey, of The Warner 
and Swasey Company. 

We are indeed fortunate to have the aid of men whose ex- 
perience and standing are so certain to command public re- 
cognition of the claims of scientific and industrial research. 

Science is in the air, keen competition is in prospect, and the 
industries are more favorably inclined than ever before to the 
widespread use of research methods. Their greatest leaders, 
moreover, are unanimous in their appreciation of the necessity 
of promoting research for the sake of advancing knowledge, as 
well as for immediate commercial advantages. Only thus can 
the most fundamental and unexpected advances be rendered 
possible, and continued progress in all directions assured. 

In preparing to continue and extend its work in the interest of 
national defense, industrial development, and the advancement 
of science, the National Research Council wishes me to assure 
the Engineering Foundation and the National Engineering So- 
cieties of its cordial appreciation of their invaluable assistance 
in the past and of its sincere desire to utilize every possible 
means of promoting even closer cooperation in the future. 


ANNUAL REPORT OF TRACTION AND TRANSPORTATION 
COMMITTEE 


To the Board of Directors, 

The past year has been one of unprecedented difficulties for 
all railway transportation companies. With labor conditions 
at their worst, the maximum tonnage ever offered, rolling stock 
and motive power sadly deteriorated due to a long period of lean 
income—all added to a winter of unprecedented severity, it is 
little wonder that the trunk lines practically collapsed under 
the strain. The collapse of the steam railways, however, did 
not extend to electrified lines, which once more demonstrated 
the superiority of electricity as a motive power, particularly in 
cold weather. This was especially true on the electrified steam 
railways, such as the Norfolk & Western, and the Chicago, Mil- 
waukee & St. Paul Railways, the latest railways to be electrified; 
and the Pennsylvania, New York Central, New Haven Rail- 
ways, and others. These roads, one and all, operated success- 
fully through the hardest weather. The record is one of which 
all electrical engineers may be proud. 

The advantages of electrification are now almost aniversally 
recognized. The main features are: 

lst, Increased capacity. 

2nd, Economy in fuel consumption. 

3rd, More reliable service. T 

4th, Greater safety in operation оп mountain grades and 

through tunnels. 

5th, A higher class of service. 

The first two advantages were especially emphasized by 
President Rice in his masterly plea before the Midwinter Con- 
vention for the electrification of railways as a war measure, and 
the Committee urges the most careful consideration of this 
matter by the Government and the railways. 

There are many places where electrification will show an 
actual economy in operation, especially on lines such as the 
Norfolk & Western and in the Broad Street Terminal of the 
Pennsylvania Railroad. In both of these cases, the capacity of 
the railroads had been reached with steam, and it would have 
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been utterly impossible to handle the traffic which they have 
had in the past year with steam locomotives. It is impossible 
to estimate or to appraise all of the advantages of electrification. 
Electrification will eventually be adopted because the character 
of service will be so much better that the railways cannot afford 
to do otherwise. During the war, however, the amount of 
electrification work done will probably be limited to places 
where it 15 absolutely essential, or especially advantageous, in 
order to facilitate handling the traffic necessary for the proper 
prosecution of the war. 

In this connection, it is interesting to note that the C. M. & 
St. P. Ry., in continuing its electrification work with 3000 volts 
d-c., is electrifying the two engine divisions from Seattle east, 
which will give them a total of approximately 650 miles of 
electrified main line. Work is progressing on this new line 
very rapidly, and it is expected that operations will begin early 
in 1919. It is reported that this line will be the official route 
from Chicago to Seattle. 

The Pennsylvania Railroad has recently put in electric 
operation the Chestnut Hill division of the line running into 
Broad Street Station, practically duplicating the single-phase 
equipments on the Paoli division. 

In street railway circles, the past year has been one of great 
hardships. The long continued cold weather, combined with 
the heavy falls of snow, pyramided the troubles and left the street 
railways in many cases almost as bad off as the steam railways. 

А number of things combined to produce this result. First 
and foremost, is the general labor and material situation which 
makes it difficult, if not impossible, to secure good maintenance. 
In addition, the street railwavs have been working for several 
years under increasing financial difficulties, so that in many 
cases the equipments were in no condition to stand the extra 
strain. This led to a very unusual number of break-downs 
when the severe weather was encountered, and the long con- 
tinued cold gave no opportunity to recuperate. 

Another feature which contributed in a greater or less degree 
was the light weight campaign which has taken such a strong 
hold of all of the railwavs of the country. Теп years ago there 
was great need for this campaign. The standard street railway 
equipment consisted of nothing less than four 40-h.p. motors, 
which, being of the non-ventilated type, were comparatively 
heavy. Very few people had paid any particular attention 
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to the weight of railway equipments, either of motors, car 
bodies or trucks. Consequently, the weight per passenger was 
very high on practically all street railways. The idea became 
prevalent that it costs a railway 5 cents per lb. per annum to 
haul their equipments around, so that it has been the end and 
aim of practically every man having anything to do with the 
design of cars and equipments, to cut the weight. This has been 
done in а more or less scientific manner, but like all campaigns of 
this kind, the pendulum has swung past the limit in some re- 
spects. probably due to the fact that it is impossible to recognize 
the limit until it has been passed and trouble encountered. 
Fortunately, this has not been sufficiently widespread to do more 
than point to the limit. 

Possibilities for trouble with light weight motors have been 
approached from four angles: First, open ventilation leading 
to the introduction of snow into the working parts of the motor, 
with resulting danger to insulation; second, higher armature 
speeds, leading to more rapid deterioration of armatures and 
wear of bearings; Third, reduction of weight by increasing the 
stresses in material; Fourth, the danger from overloading due to 
lack of sufficient thermal capacity to withstand abnormal loads. 

The ventilated motor has come to stay. Its advantages are 
too many to give up because of the small amount of damage re- 
sulting from snow. The logical thing to do when there is danger 
from this, is to put tight covers over the motor openings in the 
winter time. The additional margin due to the lower ambient 
temperature in the winter will, in practically all cases, be 
sufficient to keep the motor temperature within safe limits. 

Higher armature speeds should be approached with con- 
servatism, taking care that the armature is sufficiently substan- 
tial to withstand the additional strains, and that bearings are 
of liberal dimensions, with adequate lubrication. 

The use of high-grade steel is recommended, but is preferred 
as an additional factor of safety, rather than to get minimum 
weight. It must be remembered that it is not always possible 
to secure special grades of material for making repairs. 

Trouble from overloading with the light weight motors has 
come as a very disagreeable surprise to operators. It is subject 
to careful analysis and the reasons are easily understood. The 
chief reason is that the limitations of the ventilated motor are 
not generally understood. 

The trade has been educated to believe that the continuous 
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rating of the railway motor is the one that determines its service 
capacity; and that if its continuous rating is equal to the in- 
tegrated loads in service, it will be ample to perform the work. 
This method of selecting motors was quite satisfactory with the 
old non-ventilated type of motors, where the motor had sufficient 
thermal capacity to absorb the losses generated in the short ap- 
plications of heavy loads, without reaching abnormal tempera- 
tures. The modern highly ventilated motor, however, has rela- 
tively a very high continuous rating, as compared with the one- 
hour rating. The latter, as is well known, is really the gage of 
the thermal capacity of the motor and of its capacity for hand- 
ling heavy intermittent loads. It wil be seen at once that 
when the motor that is selected for its continuous rating is re- 
quired to develop four times this load for a few minutes under 
some abnormal condition, a non-ventilated motor would be 
loaded to only about 60 per cent above its one-hour rating, while 
the highly ventilated motor would be loaded to two and one- 
half or three times its one-hour rating, resulting in a much 
greater rise in temperature. Where this abnormal load is applied 
at slow speed, as is apt to be the case, the trouble is further ac- 
centuated, due to the decreased ventilation secured with fan 
cooled motors. 

The logic of this situation is simply that motors of the venti- 
lated type for a given service will require a higher continuous 
rating than one of the non-ventilated type. Due regard must 
be taken to the capacity for short-time over loads in order to 
avoid reaching a dangerous temperature under abnormal 
conditions. 

There seems to be a distinct tendency towards more con- 
servative selection of equipments for street car service, since it 
has been definitely established that the cost of maintenance of 
motors which are worked beyond their capacity, added to the 
cost of unreliable service, is so high as to off-set any possible sav- 
ing resulting from the lighter weight. This is also leading to a 
return to four-motor equipments, simply because of their greater 
reliability under abnormal conditions. It is hoped, however, 
that any return along these lines will be taken with the greatest 
care and with the maximum utilization of the experience that 
has been secured up to date. Having been at both extremes, it 
should now be possible to adopt a mean position which will give 
the very best results. 

Great savings in energy can be effected without cutting the 
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weight of the equipment, by attention to improved methods of 
operation dnd, especially, by the further use of field control. It 
is hoped also that eventually it will be possible to make use of 
regenerative control for elevated and subway equipments, at ` 
least. This has worked out so satisfactorily on mountain 
grades that its extension to car equipment seems very desirable. 

The activity of the Railway Committee in the past year has 
been at a low ebb, largely due to the fact that everyone in any 
way connected with transportation business, has been too husy 
to take up much committee work. It is hoped that another 
year may see an improvement in this respect, so that a con- 
structive programme may be carried out. 

М. W. STORER, Chairman. 
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ANNUAL REPORT OF THE COMMITTEE ON ELECTRICAL 
MACHINERY 


To the Board of Directors, 

The Committee on Electrical Machinery submits the follow- 
ing report for the year of 1917-18. ё 

At the first meeting of this new committee called in October 
to discuss the policy to be adopted, it was found that industrial 
conditions were such as to make full and regular meetings an 
impossibility, and that the activities of the Committee would 
therefore have to be restricted. "There was, moreover, a feeling 
among those present that it would be difficult this year to secure 
papers from the men in the industry, and it was decided that the 
Committee limit its activities to the presentation of the subject 
of "Polyphase Commutator Motors," and to be prepared if 
necessary to present a critical review of “Тһе Development of 
Turbo-Alternators’’. Contrary to our expectations, however, an 
unusual number of papers were presented for consideration and 
the Committee was kept busy sifting out the desirable material. 

It was clear from the discussion of the three papers on “A-C. 
Commutator Motors” that little is known about the possibilities 
of the polyphase commutator machine, and that the available 
literature in English is so meagre and the methods of attack of 
the various writers so radically different that & would seem to 
be the duty of the Institute to find someone who knew the sub- 
ject and who also knew how to present it to work up the exist- 
ing material into a comprehensive treatise for publication in 
the TRANSACTIONS. 

We believe that one of the principal functions of the technical 
committees is to keep the literature of their subject in good 
shape. The manufacturers will see to it that new developments 
are brought to the attention of the members. In line with this 
point of view the Committee has had a critical bibhography pre- 
pared on the subject of “Unbalanced Pull in Electrical Machin- 
егу” to be attached to a paper to be published in the PRocEED- 
INGS this summer. 

In the April PRocEEDiNGS there was published a paper by Mr. 
Lamme which created considerable discussion. Mr. Lamme 
had found that the graduates of our universities have nota clear 
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conception of the operation of single-phase induction motors, 
and he wrote a paper giving a method of treatment which he had 
found satisfactory for the graduate students of the Westing- 
house Co. Such papers, although they do not present new 
material, are of special interest to the younger members of the 
Society and might well be presented under the auspices of the 
Educational Committee. From the discussion of Mr. Lamme's 
paper it was obvious that there was decided differences of opinion 
among teachers and practising engineers as to the relative ad- 
vantages of vector diagrams, equivalent circuits and complex 
quantities from an educational point of view. 

While the chief function of the technical committees is to 
secure papers in their respective fields, The Committee on Elec- 
trical Machinery considers that it might well be used as a clear- 
ing house for suggested changes to the Standardization Rules, a 
place where suggestions dealing with machinery might be 
thoroughly thrashed out before being submitted to the Standards 
Committee. 

ALEXANDER GRAY, Chatrman. 
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ANNUAL REPORT OF THE LIGHTING AND 
ILLUMINATION COMMITTEE 


To the Board of Directors. 

I beg to submit on behalf of the Lighting and Illumination 
Committee the following report for the year 1917-18. 

It is with regret that the Committee finds it necessary to re- 
port that again this year it did not seem feasible to hold a session 
of the Institute for the consideration of papers on illumination. 
The Committee held a meeting early in the year and proposed 
the following subjects as suitable ones for presentation before 
the Institute: 

(1) Intensive and Ornamental Street Lighting, as projected 
for a number of cities in the South and Southwest. 

(2) A general discussion of Industrial Lighting Codes; 

(3) A discussion of Standardized Methods of Lighting Can- 
tonments, Aviation Fields, etc., provided the report of the 
I.E.S. Committee on this subject will be available for public 
presentation. 

The Chairman was authorized to make an inquiry regarding 
the possiblitiy of securing papers on one or more of these sub- 
jects and report the results subsequently to the Committee, but 
following a canvass of the situation it was found impossible to 
arrange such a program. Consequently, any thought of re- 
questing one of the sessions of the Institute to discuss papers on 
illumination had to be abandoned. When conditions once 
again become normal, it will be possible to provide interest- 
ing programs on this aspect of electrical engineering, but for 
the time being it would seem that the Committee can do no 
more than remain intact and wait. 

A brief summary of progress in electric illumination during 
the past year 1s appended. 


Progress іп Electric Illumination 


The general trend of practise for direct lighting is very de- 
cidedly toward units of low brightness. The extended use of 
the high-powered incandescent lamps has stimulated the appre- 
ciation of good diffusing devices which will give satisfactory light 
distribution but by their low brightness minimize glare. The 
enormous increase in commercial activities, particularly in those 
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lines which are connected with supplies for the Government, has 
made night work the rule and brought a realization of the im- 
portance of proper illumination from the standpoint both of the 
maintenance of quality and quantity in production and of the 
health and comfort of the worker. Progress toward this end is 
evidenced in the revision of industrial lighting codes in several 
states and by the appointment of a National Committee on 
Lighting to act as a sub-committee of the Advisory Commission- 
Council for National Defense for the preparation of suggested 
regulations to govern industrial lighting, which have subse- 
quently been published in the form of a Code of Lighting by the 
Committee on Labor with a.suggestion that the Code be put into 
effect in every state in the country. 

War conditions have also brought about a more careful con- 
sideration of protective lighting and the best way to utilize it. 
Thus it has been found that in many cases inexpensive re- 
flectors of the ordinary type may be used for lighting open 
spaces in and around a plant leaving the special flood lighting 
units for those locations requiring particular treatment. In 
many cases the use of a large number of properly shaded low- 
intensity units wil avoid dangerous shadows better than high 
powered sources, even though the light flux from the latter is 
greater. 

A sphere formerly considered impregnably held by the arc 
lamp has been finally invaded by the incandescent lamp. 
Motion picture projection work required light flux of extremely 
great intensity and the small area and high intrinsic brilliancy 
of the source of light in the arc has enabled it to meet the re- 
quirements in a way hard to duplicate. By using a mirror back 
of the filament and for a condensing lens one of the Fresnel type, 
it has been found possible to make an incandescent lamp which 
will give satisfactory results within а certain limited field of 
motion picture work. 

The motion picture theatre has in itself become an arena in 
which unique lighting effects are being experimented with con- 
tinuously. Thus in several cases, by the use of several circuits 
in each fixture, lamps of different colors may be lighted and there- 
by give a color tone to the whole illumination. 

The action of the Government in attempting to save fuel by 
restricting its use for lighting purposes has shown in many 
localities the important part played by display lighting in main- 
taining the illumination of streets and sidewalks. 

Epwarp P. Hype, Chairman. 
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ANNUAL REPORT OF THE COMMITTEE ON 
TRANSMISSION AND DISTRIBUTION 


To the Board of Directors, 

The Committee on Transmission and Distribution submits 
the following report for the year 1917-1918: 

Experience during the preceding year indicated that the Com- 
mittee was entirely too large. At the writer's suggestion the 
membership was reduced during the present year from 24 to 
14 members. We now suggest that the Committees be further 
reduced to not exceeding 10 members. It would be an act of 
courtesy on the part of a member to decline the appointment 
when it is offered him if he can take no part in the work of the 
Committee. 

It has been very difficult to make progress in the problems be- 
fore us on account of every one, almost without exception, being 
employed on war work or very urgent duties contributing to 
the war. Some of the members who were most helpful in the 
past have gone into the government service and have not been 
able to continue the work which thev started last year. Mr. 
W. D. Peaslee of the Oregon Agricultural College, who has been 
investigating the insulator problem from a chemical and mi- 
croscopic standpoint, is now captain in the United States Army. 
Professor Harris J. Ryan, who is our strong right arm in insulator 
matters, is giving practically all of his time to government work. 
However, some progress has been made. 


High-Tension Insulators 


Last year we had papers by Messrs. Austin, Peaslee and Ryan 
pointing out clearly that progress in the design of high-tension 
insulators must provide for (1) reduction of porosity to the low- 
est possible limit. (2) joints designed to avoid cracking from ex- 
pansion and contraction and (3) ample mechanical strength. 
Mr. G. I. Gilchrest has now made some very careful studies of 
insulators, both from the laboratory point of view where dis- 
tribution of electric stresses was considered, and from the 
practical point of view where troubles and failures by operating 
companies under wide varieties of conditions were examined. 
We hope that insulator manufacturers will give careful con- 
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sideration to the.design of insulator that Mr. Gilchrest has 
evolved. This paper shows very clearly where and why many 
of the old insulator designs failed. While it is quite probable 
that a perfect insulator will never be obtained, one has but to 
compare the insulator of today with that of five years ago to see 
that great progress has been made. 

At least one large transmission company is very hopeful of the 
wood stick insulator for voltages up to 100,000. This insulator 
has been in successful service in the West for some years on 
60,000-volt service. We had a paper listed for this meeting 
on the wood stick insulator by Mr. H. H. Cochrane, and hoped 
to get full details of it and record of the service it has given, but 
at the last moment Mr. Cochrane asked to have the matter go 
over until a later date, as some difficulties of impregnation had 
been encountered. 

Lead Sheath Cables 


Last year at the annual meeting a whole session of the In- 
stitute was devoted to the discussion of dielectric losses in cables. 
It was shown that cables insulated with mineral-base compounds 
had greatly reduced dielectric losses over those insulated with 
vegetable-base compounds. It was further shown that cable 
ratings under some conditions were more than doubled and on 
the average could be increased 20 or 30 per cent when the mineral- 
базе insulating compounds are used. A start has been made іп 
the matter of preparing specifications covering dielectric losses 
in cables. Engineers of some of the principal cable manu- 
facturers have agreed to cooperate. · Before such specifications 
can be formulated, at least two fundamental points must be 
considered and agreed upon: 

First, a standard method of making tests must be established. 
Very few, even of the cable manufacturers, are equipped for 
measuring dielectric losses and probably no users of cables have 
facilities for properly making these measurements. Some very 
much simpler and more easily workable apparatus than is now 
available must be developed before commercial routine tests of 
this kind can be applied to the output of the cable factories. И 
a portable testing set for measuring dielectric loss were devised 
it could be used to test newly installed cable as well as to secure 
experimental data on old feeder cables under various conditions 
of age, temperature, charred insulation, etc. 

Mr. S. M. Farmer recently presented a paper describing a 
method of determining power loss in three-conductor cables, the 
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loss being measured directly under three-phase conditions. It 
is hoped that the method he followed may be developed for 
factory tests. 

In the second place, data must be collected showing the limits 
of the losses. To secure the data on losses is a difficult matter 
at this time when men as well as laboratories are occupied to full 
capacity on war work. | 

Additional information is being obtained on the characteris- 
tics of insulating compounds. For instance, it has been found 
that cable insulated with mineral-base compound will not with- 
stand a high insulation test when cold, as the insulation résist- 
ance is much reduced under such conditions. All this compli- 
cates the problem of preparing specifications. Evidently much 
research work must yet be done, but as before stated, all work 
of this sort is much hampered by the war. 

Mr. E. B. Meyer in a very practical paper gives the experi- 
ence of one large distributing company in supplying high-voltage 
cable service to customers in cities where overhead wires are per- 
missible and where the expense of conduit is not justified. "The 
method while adopted as a war expedient has doubtless a wide 
field as a permanent method of installation. At least it can be 
used until the demand for energy in the particular locality is 
large enough to justify the expense of underground conduit. 

Mr. W. H. Cole this year presents a paper as result of the ex- 
perience of Edison Electric Illuminating Company of Boston 
with split-conductor cables and  balanced-relay protection 
against interruptions caused by short circuit or grounds. It is 
very gratifying to note the success which has been attained not- 
withstanding the complexity of the system and the great care 
which must be exercised in installation of the equipment. All 
users of underground cables will appreciate Mr. Cole's work in 
this field. 


Suggestions for the Future 


For the future work of this Committee we would like to recom- 
mend that investigation of the insulator problem be continued. 
While at present porcelain seems to be the most available 
material, yet it is not beyond possibility that some other material 
such as fused quartz or even glass may be used. 

Professor Ryan is now supervising some extensive tests at 
Leland Stanford, Jr. University of aging effect on insulators 
carried through a large number of temperature cycles corres- 
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ponding to the daily and seasonal variations experienced in 
practise. The result of these tests will be of great value. 

Further investigation of the fused quartz insulator along the 
lines suggested last year by Mr. Peaslee will be well worth while 
as soon as some one can find time to do it. 

As indicated above, the matter of dielectric loss in cables 
should receive most careful attention, both by cable manu- 
facturers and users. Manufacturers must not be hampered by 
impractical and half-baked specifications. Оп the other hand, 
conservatism of manufacturers must not block the road to pro- 
gress, and as soon as the laws governing dielectric loss can be 
determined and a practical method of measuring these losses 
developed, the most efficient cable will be called for and must be 
produced. 

L. E. Імілү, Chairman 
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ANNUAL REPORT OF ELECTROCHEMISTRY AND 
ELECTROMETALLURGY COMMITTEE 


To the Board of Directors, 

The Committee on Electrochemistry and Electrometallurgy 
submits the following report for the year 1917-1918: 

It did not appear to be possible during the past vear to secure 
any papers of interest on electrochemical and electrometallurgi- 
cal subjects. One paper was submitted to the chairman of this 
committee for consideration which seemed more suitable for 
presentation to the American Electrochemical Society than to 
the Institute. 

One of the most vitally important matters to Electrochem- 
istry and Electrometallurgy is the development of water powers 
and consequentlv it appeared to be a subject which would 
properly come under the consideration of this Committee more 
particularly as regards the matter of legislation since this has 
probablv done more than anything else to hamper their develop- 
ment. Correspondence with the Chairman of the Public Policy 
Committee brought out the fact that this subject has been re- 
ferred to the standing Committee on Public Affairs of the En- 
gineering Council. 

Both as regards the question of securing papers for pre- 
sentation to the Institute and as regards all matters pertaining to 
electrochemistry and electrometallurgv much more valuable re- 
sults could probably be reached were some scheme worked out 
by which there could be cooperation of this committee and the 
American Electrochemical Societv. With this end in view a 
suggestion was made to the Board of Directors of the American 
Electrochemical Societv that it consider the question of ap- 
proaching the A.I.E.E. with the object of forming а joint com- 
mittee which would take care of subjects that are of common 
interest to the A.E.S. and the A.I.E.E. 

Such a Committee would be in a good position to take care of 
various papers which may be of importance to both societies, 
to bring to the attention of both societies matters in which they 
have a common interest and finally to make arrangements when 
possible for joint meetings of the Societies. 
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At a meeting of the Board of the American Electrochemical 
Society held April 28, 1918, the Directors acting on this sugges- 
tion appointed a Committec ''to co-operate with" this Commit- 
tee. The Committee appointed by the American Electro- 
chemical Society is as follows:— 

Dr. Colin G. Fink, Chile Exploration Co., 202nd Street and 
Tenth Ave., New York. 

Howard C. Parmelee Metallurgical & Chemical Engineering, 
McGraw-Hill Co., Inc., 36th St., and, Tenth Ave., New York. 

C. G. Schluederberg, Westinghouse Electric & Mfg. Co., 
East Pittsburgh, Pa. 

A letter was received from Professor Karapetoff of Cornell 
University describing the Research Section of the Electrical 
World. which he is conducting and asking for suggestions from 
this committee. The members of the committee were notified 
of Professor Karapetoff's request. 


Suggestion for Future Activities 


In view of the action of the Board of the American Electro- 
chemical Societv it is suggested that this Committee should 
communicate with that appointed by the A.E.S. with the object 
of discussing the feasibility of cooperation for the benefit of the 
Institute and the Society. This matter, however, should be 
left to the Committee for 1918-1919 as the term of office of the 
present committee is so near an end. 

As regards hydroelectric power there is no more important 
matter for consideration by this Committee and if some scheme 
for cooperation with the American Electrochemical Society is 
developed it should be specially studied by this Committee. 


Electrochemistry and Electrometallurgy 1917-1918 


The entrance of the United States into the Great War had the 
effect of stimulating enormously electrochemical and electro- 
metallurgical processes. 

As regards electrolytic work probably one of the most highly 
stimulated manufactures is that for the production of chlorine; 
but the most noticeable stimulation is found in electrometal- 
lurgical work. - 

For vears there has been much experimental work carried 
out in electric furnaces for the melting of non-ferrous metals like 
brass, bronzes, etc., but no really satisfactory furnace was de- 
veloped. Then, as one of the consequences of the Great War 
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graphite crucibles became scarce and expensive with the result 
that renewed attempts were made on the electric furnace with 
the result that during the past year various furnaces have been 
designed of which some show distinct promise of meeting with 
ultimate success. 

There has also during the past year been an enormous in- 
crease in the production of electric furnace ferro alloys of all 
sorts particularly ferrosilicon and ferromanganese. The latter 
had been produced in electzic furnaces before the war but could 
not compete with the blast furnace. 

There has also been a considerable increase in the use of 
electric steel furnaces and this probably would have been much 
greater were it not for the great difficulty of getting a sufficient 
supplv of carbon electrodes. 

The most interesting ‘electrochemical development of the year, 
' however, is the construction of the cyanamid nitrogen-fixation 
plant at Muscle Shoals, Ala. Two unique features in this plant 
are the use of steam for the generation of the electric energy 
and the use of 60-cycle current for the calcium carbide furnaces. 
These features will give interesting subjects for study; on the 
one hand the energy item in the cost of making ammonium 
nitrate by the .cvanamid "process and on the other the power 
factor of carbide furnaces with high-frequency current. 

Francis A. J. FirrzGERALD, Chairman 
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ANNUAL REPORT OF INDUSTRIAL AND DOMESTIC 
POWER COMMITTEE 


To the Board of Directors, 

In presenting our annualreport, your Committee on Industrial 
and Domestic Power desires first to call attention to two of our 
members who are now in Military Service in the war of 1917, viz: 
our chairman, Capt. E. H. Martindale now in active service in 
France, and Lieut. (j. g.) A. M. MacCutcheon, U. S. Navy, 
also in active service, U. S. S. Louisiána. 

We honor their action, and have missed their advice in our 
work this year, particularly that of our Chairman. 

Others of our Committee from whom we have not heard may 
be similarly employed, and in that event their names should be 
. joined with the above. 

During the two years beginning in August, 1914, under the 
leadership of Mr. David B. Rushmore, work of the committee 
began to be centered on a study of our activity by industries. 
This thought was carried out in several meetings of the Institute. 

In the Fall of 1916 under Capt. Martindale, it was decided 
that the major portion of our activities should be devoted to 
this study. To show the value thereof, it was decided to make 
an investigation of the machinery, motors, controllers and ac- 
cessories involved in each process in three industries or parts 
thereof, and reach conclusions from this as to next procedure. 
On this basis, the whole committee was divided into three sub- 
committees headed by Lieut. A. M. MacCutcheon, to investigate 
a portion of the Metal Working Industry; Mr. R. B. Williamson, 
to investigate the Cement Industry; Mr. R. M. Goodwillie, to 
investigate the Passenger Elevator Industry. 

The committees have worked hard, collecting much data, but 
without having their work completed by the end of the last term. 

In the Fall of 1917, by reason of his military service, Capt. 
Martindale was obliged to relinquish active handling of his work 
as Chairman, the position of Vice Chairman was created, and 
the writer appointed to the position. The executive duties have 
been carried out in the way it was believed Capt. Martindale 
desired. . 

On account of the absence of our Chairman, and also because 
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of the many immediate and pressing duties of service of all in- 
dividually, in connection with the war, it was deemed advisable 
to maintain our plan just as outlined one year previously, center 
our thought on its progress and application, and not attempt 
the preparation or presentation of papers to the Meetings and 
Papers Committee, and this course has been followed. 

The work of the sub-committees in collecting data is well in 
hand. In the examination of the cement industry for example, 
Mr. Williamson's committee has first tabulated all the processes 
involved from the point when the raw product is brought to the 
cement plant up to the point when the finished product is de- 
livered, barrelled and ready fot shipment. Each process may be 
considered a movement of some kind. Where electric power is 
applied to this movement, the preferred type of motor, control, 
and accessories and alternates are indicated. In a similar way, 
Mr. MacCutcheon's Committee has examined a portion of the 
metal working industry. Thus mainly the principal data have 
been collected and compiled. The work has given our whole . 
committee opportunity to thoroughly consider the good features 
and objections, and in this connection two immediate difficul- 
ties; viz: to know when the work is done, and how to present it to 
the Institute, are not solved. These two points with others 
brought out by this investigation have been carefully canvassed 
by the whole committee, and the discussion and recommenda- 
tions which immediately follow are based upon a majority vote 
also of the whole committee, with no dissensions. 

The work has been carried far enough so that each feels sure 
that if the data could be gotten together for all processes, kept 
correct and made available, these would be of immense benefit to 
the industry as a whole, and particularly at this time. The 
collecting and preparing of the data presents very serious 
difficulties as follows: 

1. Tabulation of what industries are within the scope of our 
committee's activities. The scope of this committee overlaps that 
of the committees on mines, steel mills, electrochemical work, 
marine work, and perhaps others. It is recommended that its 
scope be plainly defined. 

2. What constitutes an indusiry. A tabulation of industries 
can be prepared by our committee. Such tabulation is bound to 
be at variance in thought from any tabulation prepared by an- 
other committee. We believe that a tabulation should be pre- 
pared for the electrical industry, as a whole, and that this can- 
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_ not be done short of a careful study of the subject, and the in- 
terrelated processes. As Mr. Goodwillie of our committee 
states, the real essential element is the load characteristics of 
the machine itself from the starting, accelerating, running, slow- 
down and stopping conditions which in turn compel considera- 
tions of starting friction, inertia, running frictions and load 
characteristics. It is probably a matter of consideration by 
.some special technical committee, and not by a technical com- 
mittee devoted to some special work like our own unless the 
work as a whole for some reason be specially assigned to us. 
Much study has been put already on this subject by allied asso- 
ciations, and by private enterprises. Much of the benefit of this 
study can be secured very likely. The list of industries and 
processes involved will be subject to constant modification as the ` 
work proceeds. А plan for caring for these changes is essential. 

3. Magnitude of the work involved in the study. It is clearly 
beyond the power of our committee to perform this work alone 
in any measurable period of time. External assistance is vital 
and some plan to secure the assistance necessary. Even if it 
were completed, it is doubtful if the committee alone as it stands 
could keep it completed. 

4. Preparation and filing for permanent record. It 15 apparent 
that the proper place for recording this data is not in the Рко- 
CEEDINGS of the Institute. The expense of doing it in this way 

_would be prohibitive. It would lack availability for use and 
change as required. A plan for permanently caring for the data 
should be perfected as will be separately discussed. 

5. Authority for work. In the execution of this work, time 
and expense beyond the limits of the committee would be bound 
to accrue. Definite authorization from the Board of Directors 
to proceed is necessary, and with it the statement that the work 
would be continued from year to year, for it is obvious that to 
start work and continue for a year or so only to change or abandon 
would involve needless loss of good time and discouragement. 

6. The ethics of the study from the standpoint of the pro- 
fessional engineer, from that of patent rights and from the un- 
conscious publicity given to private enterprise 1s comparing 
correct process attainment. This is considered one of the most 
difficult phases to cover correctly. As Mr. Dudley states, it is 
believed that with the exercise of tact with each case, that 
difficulty should not be encountered. Thus far in its work the 
sub-committees have been able to steer clear of this as a difh- 
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culty. The work must be undertaken strictly from a technical 
standpoint. 

7. Conflict with other technical committees їп other associations. 
The whole reason for this work is to avoid duplication of effort. 
The American Institute of Electrical Engineers is the recognized 
association devoted to our art from an unbiased technical and 
professional standpoint. If this work be undertaken by us 
with carefully prepared plan and be definitely endorsed, the . 
need for similar work by other bodies such as the N.E.L.A., 
A.I. & S.E.E., etc., should disappear. The committee is con- 
fident that help from them will be fully available and given. 
There should be no conflict with other committees in the In- 
stitute. For this, the management must care. 

8. Miscellaneous Difficulties. Undoubtedly these exist but 
itis believed that what has been previously stated will cover the 
major difficulties, and that the minor ones will settle themselves 
as they arise. 

The study which our committee has thus far put on the work 
has convinced us that it is broader in scope than that of our 
committee. If it is right to investigate the large group of in- 
dustrial applications with which our committee is concerned, 
why should not the whole field be covered. Consideration of 
this thought has been inevitable, and 15 crystallized into a num- 
ber of suggestions or recommendations which are presented as 
the opinion of a majority of your committee. 

We believe that there should be instituted in the office of the 
Secretary of the Institute in New York City, and under his com- 
plete charge, a file of industries using electrical power, the pro- 
cesses involved in each industry, the movements involved in 
each process, and the electrical apparatus, which is recommended 
for each movement. We believe that this recommendation 
should be strictly from the technical standpoint, the apparatus 
to be described so that it will be technically understood. We 
believe that the file should be kept up by the machinery of the 
Secretary's office, and in such form as will make it most avail- 
able to all who should have access to it. It is assumed that this 
file should be in card form, and in this connection, Messrs. 
Weichsel and Dudley of our committee suggest the compilation 
of pamphlets or a hand book from these files in the belief that 
they would have ready sale. 

It is further suggested by the committee that as Institute 
sections are able to take care of them properly, copies of the 
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files be placed on record at Section Headquarters all under con- 
trol of the Secretary of the Institute. 

Manifestly the data for these files can be secured only through 
the cooperation of a large number of members, and one per- 
haps the hardest study would be to enlist this cooperation. 
Fundamentally, the plan must have the absolute endorsement 
of the Board of Directors, and then it should be planned to 
secure this large support. Our committee feels that either the 
duties of the Industrial and Domestic Power Committee should 
be broadened to assume the work, or (and this is favored by a 
majority of the committee) that a new technical committee 
should be formed to take care of the job. Мо technical com- 
mittee alone can get the data unless it have broad powers, and a 
membership large enough to reach into the activity of the Nation 
industrially and geographically, in а very comprehensive manner 
indeed. As a committee, we feel very sure that in some way 
the individual member must be reached; must be encouraged 
to furnish data, with proper recognition. We feel that if this 
action on the part of the individual member in being of service 
to the Institute and to the industry causes him to recognize his 
true relation to the Institute of giving to it rather than of re- 
ceiving from it, it should be of the greatest value. 

We further respectfully suggest that in the event of establish- 
ing a committee to secure this data that it should work in very 
close conjunction with the Secretary of the Institute, and with 
the other technical committees. 

Briefly we suggest, that the new committee plan and secure 
the data, the existing committees censor the data and advise 
with the new committee, and that the Secretary's office compile 
and carry the data. 

Such a file should be the truest permanent record possible of 
the application of electrical power and its progress. It should 
tend to harmonize policies of application of electrical power; not 
to standardize details. It should prevent am enormous amount 
of duplication of effort, not only in association work, but in 
private enterprise as time goes on; should tend to pool, for the 
good of all, data which are today largely open to all and yet not 
collected so as to be of mutual benefit. 

Your committee sincerely hopes that these views will have 
your consideration. 

We desire to comment on another matter. Our committee’s 
scope today includes domestic as well as industrial power. It 
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has seemed to some that the domestic end of our activity should 
be taken from us and given to some other committee whose 
work is more nearly allied thereto. On a poll of opinion seven 
were in favor of this action, five did not reply and two were in 
opposition thereto. 

The past year has been crowded with work which your com- 
mittee feels covers very largely application of earlier progress 
than it does the invention or perfection of new work. Con- 
stant effort to keep existing apparatus operating at the maximum 
rather than to perfect or develop more efficient operation has 
marked this period when our Nation for the first time in twenty 
years was plunged in war. This holds particularly for the pro- 
duction of textiles and clothing generally, steel, coal, and in 
matters affecting transportation. 

In the Chicago territory there has been installed during the 
past year a 7000-h.p. induction motor having a maximum torque 
equivalent to 30,000 h.p., which so far as normal rating and maxi- 
mum torque is concerned is the largest industrial motor which 
we believe has ever been built. 

In the textile industry, the matter of individual drive of spin- 
ning frames is progressing, many hundred frames having been 
equipped during the past year. 

The first electrically propelled battleship has been launched 
during the past year. The application is new. 

The year marks the first application of small electric genera- 
tors, air driven, to air-planes. This extends the use of industrial 
power to the air along with gasoline engines. 

In summary, your committee would value quite specific in- 
structions as to its duty, and scope, and shall be much interested 
to note any action that may be taken on its recommendations. 


А. С. Pierce, Vice Chairman 
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ANNUAL REPORT OF COMMITTEE ON 
ELECTROPHYSICS 


To the Board of Directors, 

The Committee on Electrophysics submits the following re- 
port for the year 1917-18: 

During the year two sessions of the Institute have been de- 
voted to electrophysics under the auspices of this committee as 
follows: 

On the evening of Nov. 9, 1917, Mr. Chester W. Rice pre- 
sented a paper entitled “Ап Experimental Method of Obtaining 
the Solution of Electrostatic Problems with Notes on High- 
Voltage Bushing Design" which forms a very valuable con- 
tribution to our knowledge of the electrostatic field. The paper, 
published in the November PROCEEDINGS, has a direct bearing on 
the problem of insulator design and the mathematical appendix 
gives the solution of two electrostatic problems, the usefulness 
of which extends beyond the immediate problem of design. 

On the evening of Feb. 15, 1918, at the Midwinter Convention, 
the Institute listened to a most interesting lecture by Dr. A. C. 
Crehore on “Some Applications of the Electromagnetic Theory 
of Matter’’; the lecture is published in the April, 1918, PROCEED- 
INGS. Great progress is being made in the theory of atomic 
structure, to which Dr. Crehore's own work has formed no small 
contribution, and the placing of these most recent advances by 
Dr. Crehore before the Institute in non-mathematical form was 
indeed most opportune. It will be recalled that a similar lecture 
on ‘Modern Physics" was given by Prof. R. A. Millikan at the 
Midwinter Convention in 1917. | 

The committee has felt that the cocperation and mutual 
understanding between physicists and engineers, as pointed out 
in the report of the committee for last year, are of the utmost 
importance. The close relation has been maintained between 
this committee and the Technical Physics Committee of the 
Physical Society. It is believed that joint meetings of the In- 
stitute and the Physical Society from time to time should be 
continued as in the past and such a meeting is planned for the 
Philadelphia session next October. | 

The maintenance of a supply of trained physicists and en- 
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gineers, at all times important, the committee has considered to 
be particularly important in time of war in order to meet the 
needs of governmental and industrial service. This matter was 
discussed on April 11th at a meeting of the committee held in 
New York for the purpose, and the conclusion was reached that 
to insure the continuous output of technically trained men from 
the universities and technical schools of the United States it was 
most important that steps be taken to provide for the main- 
tenance of adequate teaching staffs, which are in danger of being 
depleted through the application of the draft and through volun- 
tary enlistment. This matter was brought to the attention 
of your Board on April 12 and it was the unanimous opinion of 
the members of the board that immediate action was necessary. 
FREDERICK BEDELL, Chairman 
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ANNUAL REPORT OF PROTECTIVE DEVICES 
COMMITTEE 


To the Board of Directors, 

The Committee on Protective Devices submits the following 
report for the year 1917-18. 

On account of the decision of a number of companies to cancel 
all committee work during the period of the war the work of this 
Committee has been carried on largely by correspondence. One 
of the members of the Committee entered the military service 
of the country and a number of others have had increased duties 
on account of their assistants entering the Army or Navy. These 
changes have served to considerably retard the work of the 
Committee. 

During the year the Committee has issued the questionnaire 
on relays, referred to in the previous report, to about fifty of the 
leading operating companies in the country. Not enough 
replies have been received from the questionnaire up to the 
present writing to permit of any summary or resume from the 
inquiries. It is recommended that the work on the question- 
naire be pushed to a conclusion during the coming year. 

Several members of the Committee have called attention to 
the proposed interconnection of transmission and distribution 
systems throughout the country as a measure of economy and 
fuel saving, and it is recommended that the Committee investi- 
gate this subject in particular to determine what protective 
features are necessary in such tie lines for the purpose of ensuring 
continuity of service and stability of operation. 

Other subjects which might be taken up by the Committee 
are the following: 

Relays on generators, transformers, synchronous converters, 
etc. 

Lightning arresters for transmission lines. 

Preparation of definite recommendaions regarding the stand- 
ardization of relay nomenclature and rating of circuit breakers. 

Detrimental effect of power reactors. 


D. W. Roper, Chairman 
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ANNUAL REPORT OF COMMITTEE ON APPLICATION OF 
ELECTRICITY TO MINES 


To the Board of Directors, 

I give below a brief report of the activities of the Committee 
on the Application of Electricity to Mines. 

Owing to the resignation of Mr. H. H. Clark, the writer was 
appointed as chairman of the Committee on the Application of 
Electricity to Mines. Pressure of other work has prevented de- 
voting as much time to Committee work as I would like to have 
given. No meetings of the Committee as a whole have been 
held, but the chairman has arranged with the Meetings and 
Papers Committee to take charge of the October meeting which 
will be held in Philadelphia. We propose at this meeting to 
present three papers bearing on the subject of the Application of 
Electric Power to Coal Mining. We also hope at this time to 
have an informal talk by a member of the Fuel Administration 
Bureau at the dinner preceding the evening session. 

The American Institute of Mining Engineers has a committee 
on the Application of Electricity to Mining and I do not believe 
that the best results can be accomplished by the independent 
action of these committees in two entirely independent societies; 
and I would suggest as a future activity for the Committee on 
the Application of Electricity to Mines in the A.I.E.E. that of 
making some working arrangements with the corresponding 
committee of the American Institute of Mining Engineers 
whereby both national societies may get the benefit of the work 
of the Committees of each. ` Possibly this can be accomplished 
by making the annual meeting of these two committees joint 
meetings, the A.I.E.E. joining with the mining engineers at one 
meeting and vice versa for the next, the papers being published 
by both societies. 

K. A. PAULY, Chairman 
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ANNUAL REPORT OF INSTRUMENTS AND 
MEASUREMENTS COMMITTEE 


To the Board of Directors, 

This committee was appointed during the year of 1917 with 
the general purpose of promoting interest through the presenta- 
tion of papers and discussion along the lines covered by the name 
of the committee. The field for the consideration of instru- 
ments and for measurements had not heretofore been made a 
matter of separate committee work and discussion heretofore 
has been coupled with the consideration given papers in which 
. both instruments and measurements were incidental to another 
subject. 

Meetings of the committee were held and arrangements were 
made for the Meetings and Papers Committee to assign one 
session of the mid-winter convention in February for the presen- 
tation of papers on measurements. Опе afternoon session was 
assigned and four papers were presented. Attendance at the 
session and the discussion indicated sufficient interest to justify 
the continuance of the Committee’s activities along these lines. 

Two impressions were obtained from the papers and discussion, 
which while obvious, seem of sufficient interest to report. Two 
of the papers presented dealt with the investigation and de- 
velopment of a substitute for the standard cell for certain 
classes of work. This substitute was a thermocouple, elimina- 
ting entirely the use of the chemicals required by the standard 
cell. 

One of the papers presented dealt with the measurement of 
dielectric losses in cables, and while it was a single paper only, it 
was in reality the latest of a series of several papers on the same 
subject presented before the Institute in the last few months. 
The discussion indicated a desire or a necessity for the standardi- 
zation of metHods of measuring the very small energy losses in 
the dielectric and the specifications covering the purchase and 
acceptance tests of cables. 

No matters of nomenclature or standardization: arose requir- 
ing the attention of the committee on standards. No matters of 
policy or coordination with other committees arose requiring 
the attention or action on the part of the Board of Directors. 
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Commenting briefly on the progress of the industry falling 
within the scope of the committee, it can be stated that as might 
be expected no new development work along purely commercial 
lines is being undertaken by the manufacturers of apparatus at 
this time. Developments have undoubtedly taken place, how- 
ever, in apparatus along the lines of military and naval activity, 
such as radio and other signal apparatus which will without 
doubt furnish valuable and interesting material when available at 
some time in the future. 

| S. G. Кнорь$, Chairman 
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ANNUAL REPORT OF EDUCATIONAL COMMITTEE 
To the Board of Directors, 


Lack of time on the part of the members of the Educational 
Committee is responsible for the regrettable fact that only one 
meeting could be arranged during the year. | 

At this meeting it was decided that two papers, if possible, 
be prepared; one dealing with electrical engineering education 
given in colleges at the present time, and the other giving a 
summary of the educational facilities offered by the large manu- 
facturing and power companies. 

The second paper was not completed, the first is given in the 
synopsis prepared by the Chairman and presented herewith. 

The Committee recommends that the particular scope sug- 
gested above be considered as an important part of the duties 
of future Committees so that the members may be able to keep 
in touch with educational methods and ideas, and assist the 
leaders of education in shaping their policies. 


Synopsis of Electrical Engineering Education given 1n American 
Colleges, 1917 


The importance of engineering and engineering education, 
always recognized in this country, has never been more fully 
realized than today. The engineer is called upon not only to 
supervise engineering work and to design machines but is more 
and more involved in administrative work so that—large as his 
task has been—it will be greater in the future. 

It seemed, therefore, opportune to the Educational Com- 
mittee that a report be presented to the Institute giving a 
brief summary of the present status of electrical engineering 
education in this country, as shown by the latest catalogues. A 
questionnaire was mailed to a large number of colleges giving 
four-year courses in electrical engineering and the returns are 
tabulated below. 

The studies were divided in ten groups as shown and the 
figures given represent the percentage of time out of the entire 
four-year curriculum devoted to each group. 

Group 1, includes strictly electrical engineering subjects. 

Group 2, includes English, English literature, rhetoric, etc. 
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Group 3, Foreign languages. 

Group 4, Mathematics, excluding descriptive geometry. 

Group 5, Physics, including elementary mechanics. 

Group 6, Chemistry. 

Group 7, General engineering subjects. This heading in- 
cludes such phases of the engineering curriculum as are usually 
given to all branches of engineering students. It includes, for 
instance, drawing, surveying, descriptive geometry, advanced 
mechanics, applied mechanics, thermodynamics, etc. 

Group 8, General subjects. "These include prescribed courses 
in history, law, economics, etc. 

Group 9, Electives, technical and general. 

Group 10, Physical training, physiology, hygiene, military 
work, etc. 

Table I gives in alphabetical order the colleges which re- 
sponded. At the bottom of the tabulations are given the total 
ауегарез.* This should, therefore, indicate what weight is 
given to the various groups in the average college at the present 
time. 

It is interesting to note that general engineering subjects, that 
is, subjects which are essentially common to all classes of en- 
gineering students, cover 31 per cent of the entire time, and the 
purely electrical engineering subjects are given 21.6 per cent. 
Thus the engineering topics occupy approximately one-half of 
the entire time of the students. 

English, including literature and rhetoric, is given only 5.5 
per cent, foreign languages 3.2 per cent, general subjects such 
as economics, history, law, etc., are given 3.4 per cent. Science 
subjects, mathematics, physics, and chemistry are given 27 per 
cent of the total time. 

Tables II, III, IV, V, VI, emphasize particular studies. So 
for instance, Table II gives approximately one-half of the entire: 
list in accordance with the prominence of purely electrical 
studies. Norwich University leads, it devoted 33.5 per cent, or 
roughly, 50 per cent more than the average time to that subject. 

Table III emphasizes English studies. The Agricultural and 
Mechanical College of Texas leads with 12.5 per cent or more 
than twice as much as the average. Some leading colleges give 
no instruction in English. These may, however, to some extent, 
take care of this feature in a more rigid entrance examination. 


*Since deducing the average a couple of colleges have been added 
which may have very slightly modified the actual value. 
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Table IV emphasizes foreign languages. It is of interest to 
note that a large percentage of the colleges give no foreign 
language course at all. 

The average time given to electives is 3.9 per cent which 
seems rather low. There are, however, a number of institutions 
which permit of a wide choice. Tufts leads with a percentage of 
2]. 

The preparation of these tables is intended to facilitate a dis- 
cussion on the very vital subject of electrical engineering edu- 
cation as given in colleges. It is not intended that a “standard” 
course should be evolved—that would indeed be unfortunate— 
but it does look as if almost all colleges could to advantage in- 
crease some of the non-technical courses, such as English, eco- 
nomics and foreign languages. Some colleges should perhaps 
adopt a course along scientific lines, neglecting somewhat in- 
truction strictly in engineering and concentrating on mathe- 
matics, physics and chemistry. Others may also lay less stress 
on their engineering subjects and devote more time to English, 
foreign languages and to problems of economics. The third 
class, perhaps the largest, should do essentially what the average 
college is doing today. 

ERNEST J. Berc, Chairm in 


TABLE I 


e INSTITUTION 


Mathematics 
excluding descriptive 
Physics including 
el. mechanics 
Chemistry 
General subjects 
Electives 
Physical Training 


Electrical engineering 
English 

Foreign languages 

General engineering 


Agricultural and 
Mechanical College of 


Texas................ 28.8 | 12.5 | 00.0 ! 13.3 4.5 4.5 | 26.7 3.3 1.7 6.7 
Armour Institute of 

Technology........... 28.6 2.4| 00.0 7.2 8.8 6.4 | 35.0*| 6.8 | 17.91 | 4.8 
Bucknell University..... 23.0 6.0 5.5 9.0 | 12.6 9.4 | 23.0 8.0 3.0 0.5 
Carnegie Institute....... 28.3 2.9 4.6 8.0 9.6 4.6 | 30.0 3.3 0.0 8.7 
Case School........... ..| 25.2 6.4 6.4 | 10.4 9.1 5.5 | 25.9 1.3 1.3 8.5 
Clemson Agricultural ° 

College............... 13.4 9.7 0.0 9.9 8.0 4.2 | 34.6 6.9 0.0 | 13.3 
Colorado College........ 26.5 4.7 7.8 | 20.3 | 13.3 4.7 | 15.7 4.7 0.0 2.3 

` Cornell University... .... 20.61 0.0; 00| 78| 9.0| 7.0 | 46.5 | 3.9 2.6 2.6 

Drexel Institute......... 20.5 7.0 0.0 8.0 | 10.0 8.0 | 31.0 4.5 0.0 3.0 
George Washington 

University............ 25.7 4.3 4.3 8.6 7.1 8.6 | 33.6 2.8 5.0 0.0 
Georgia School of 

Technology........... 21.1 8.5 6.1 | 11.0 | 10.8 6.0 | 25.3 2.5 0.0 8.7 
Iowa State College.......| 21.7 7.6 0.0 | 15.0 | 11.5 6.2 | 23.7 2.7 7.5 3.6 
Johns Hopkins 

University............ 20.3 5.5 3.2 9.0 | 13.6 7.0 | 26.6 4.7 2.3 7.8 
Lafayette College........| 27.7 3.9 3.9 | 11.0 6.4 6.4 | 24.5 | 11.0 3.9 1.3 
Lehigh University....... 28.6 6.5 7.8 | 11.0 | 13.0 6.5 | 16.2 1.9 1.9 6.5 
Maryland State College 

of Agriculture......... 25.7 | 10.8 | 5.6 | 10.5| 4.5] 4.5 |21.6 | 93] 00 | 7.5 
Massachusetts Institute 

of Technology......... 23.8 5.2 3.2 8.8 8.2 8.3 | 25.5 4.2 8.3 4.5 


Mississippi Agricultural 

& Mechanical College..| 15.3 | 10.9 0.0 | 18.8 7.0 4.5 | 26.1 5.9 6.3 5.2 
Montana State College of 

Agriculture and 


Mechanic Arts........ 33.0 3.0 0.0 | 13.0 | 16.0 5.2 | 15.2 7.0 5.2 2.4 
New Hampshire College .| 21.0 4.1 0.0 | 12.2 | 10.1 6.1 | 35.7 0.0*| 5.4 5.4 
New Mexico College of 

Agriculture & 

Mechanics Arts. ...... 17.8 2.8 3.8 9.1 8.2 5.8 | 42.7 2.8 1.0 5.8 
North Carolina State 

College............... 19.4 7.7 5.3 | 11.9 8.5 6.0 | 20.4 5.3 0.0 6.8 
Norwich University...... 33.5 3.9 7.9 0.9 9.9 3.9 | 13.2 5.9 1.3 | 10.5 
Ohio State University....| 20.1 2.6 5.2 | 13.0 | 13.0 §.2 | 31.2 0.0 5.8 3.9 
Oklahoma Agriculture 

and Mechanical College| 25.0 6.9 0.0 | 12.5 | 11.0 5.7 | 30.9 1.5 3.0 4.5 
Oregon Agricultural 

СоПеве............... 25.0 4.5 0.0 | 13.0 9.5 4.5 | 30.0 0.0 5.7 7.5 
Pennsylvania College....| 15.0 9.2 3.9 | 12.4 | 14.4 9.2 | 23.5 | 11.8 0.0 0.7 
Pennsylvania State 

College............... 22.0 7.5 7.5 | 12.5 7.5 5.5 | 30.0 7.5 0.0 0.0 
Polytechnic Institute of 

Brooklyn............. 28.0 6.6 3.7 | 10.7 9.4 7.0 | 28.0 2.8 1.9 1.9 
Purdue University... .... 20.4 7.9 6.6 | 14.4 9.6 3.5 | 21.5 5.9 7.6 2.6 
Rensselaer Polytechnic 


Institute............. 23.3 5.9 6.2 | 13.0 9.2 6.2 | 33.8 1.1 0.0 1.3 
State Agricultural . 
College of Colorado....| 25.5 5.0 0.0 | 10.0 8.5 7.0 | 21.3 2.5 | 16.2 4. 
State College of 


Washington........... 27.2 6.2 0.0 | 12.4 0.2 6.8 | 29.7 4.7 3.1 
State University of Iowa.| 26.9 6.6 0.0 | 14.7 8.8 5.9 | 28.3 6.6 0.0 
State University of 
Kentucky............ 12.7 6.2 0.0 | 10.6 7.8 5.3 | 53.2 0.0 0.0 4.2 


* Armour—Includes shop work 
tNew Hampshire College—General subjects included in electives 


TABLE I—Continued 
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Stevens Institute of 


Technology........... 8.1 3.9 4.2 5.6 6.3 7.5 | 53.9 2.1 0.0 8.4 
Syracuse............... 25.0 4.0 0.0 | 16.3 | 10.2 7.5 | 35.0 2.0 0.0 0.0 
Throop College of 

Technology........... 19,5 8.4 7.0 8.2 | 10.0 6.0 | 30.0 6.7 0.0 4.2 
Tufts College........... 24.0 4.0 4.0] 9.0 6.0 6.0 | 22.0 2.0 | 21.0 2.0 
Tulane University of 

Louisiana............. 12.3 6.4 | 0.0 | 12.8 7.9 8.9 | 48.4*| 0.0 2.0 1.3 
Union College........... 22.8 8.6 8.6 | 17.2 5.6 4.5 | 20.0 5.5 4.4 2.8 
University of Alabama...| 18.4 3.2 0.0 | 13.2 | 10.5 5.3 | 34.7 4.7 5.8 4.2 
University of Arizona ...| 17.3 6.4 5.1 | 10.9 5.1 5.1 | 32.7 0.0 7.1 | 10.3 
University of Arkansas ..| 28.5 4.2 4.2 | 14.6 6.5 5.5 | 22.9 0.0 | 10.4 4.2 
University of California..| 15.0 0.0 0.0 | 11.0 | 12.0 7.0 | 40.0 0.0 8.0 7.0 
University of Cincinnati.| 22.4 5.3 5.0 8.0 | 10.8 | 10.4 | 34.2 2.3 0.0 1.6 
University of Colorado...| 30.0 7.1 0.0 | 14.3 7.1 7.1 | 31.4 3.0 0.0 0.0 
University of Detroit....| 16.7 3.8 4.2 | 13.8 | 18.6 | 10.5 | 39.5 2.9 0.0 0.0 
University of Florida... ..| 13.4 5.2 7.9 | 11.8 | 10.5 6.6 | 41.91] 0.0 0.0 2.7 
University of Idaho... ... 21.5 7.8 0.0 | 15.0 7.8 5.2 | 36.2 1.3 0.0 5.2 
University of Illinois... ..| 27.7 4.3 5.7 | 14.0 9.2 5.7 | 25.6 8.5 0.0 4.3 
University of Kansas.....| 17.0 7.0 7.0 | 12.0 | 11.0 9.0 | 28.0 5.0 2.0 2.0 
University of Maine..... 20.2 6.5 6.5 | 13.4 8.7 6.0 | 26.5 4.6 4.0 3.6 
University of Michigan ..| 20.7 4.3 | 11.4$ | 12.9 | 10.0 5.7 | 25.0 0.0 | 10.0 0.0 
University of Minnesota .| 20.6 | 4.1 0.0 | 13.7 | 8.2| 4.1 | 33.3 | 4.1 8.9 2.8 
University of Missouri 

(Rolla)............... 18.6 6.4 3.5 | 10.5 7.6 8.5 | 26.7 1.2 | 14.8 2.3 
University of Missouri 

(Columbia)........... 16.16) 4.8 0.0 | 16.1 8.1 4.0 | 29.8 4.0 | 13.7 3.2 
University of Nebraska...| 17.8 3.2 0.0 | 16.0 | 12.0 4.8 | 32.8 0.0 | 10.4 3.2 
University of 

New Mexico.......... 28.0 | 4.2| 0.0] 14.01 9.1 | 5.5 | 25.9 | 2.1 | 11.2 2.5 
University of 

North Dakota.........| 21.0 7.0 5.5 | 11.0 9.5 8.0 | 33.0 2.0 1.5 1.5 
University of 
` Notre Dame.......... 29.6 | 47| 6.0 | 11.8 | 10.2 | 0.0 | 22.0 | 10.7 1.2] 3.6 
University of 

Oklahoma............ 25.2 6.8 0.0 | 13.7 | 14.3 5.3 | 29.0 3.4 0.0 1.3 
University of 

Pennsylvania......... 26.0 3.5 4.6 8.0 7.6 6.1 | 33.5 1.5 0.0 9.2 
University of Tennessee .| 10.4 6.9 6.9 | 11.6 4.6 5.2 | 39.4 0.0 3.4 | 11.6 
University of Texas...... 20.7 9.5 0.0 | 14.3 | 15.8 8.0 | 27.0 4.7 0.0 0.0 
University of Utah...... 14.6 4.6 0.0 | 12.0 7.7 9.2 | 41.5 4.5 0.0 1.5 
University of Vermont...| 27.6 4.3 6.5 8.6 5.4 5.4 | 27.0 2.2 2.2 | 10.8 
University of Virginia....| 23.4 0.0 0.0 | 11.8 9.0 5.9 | 44.0 0.0 0.0 5.9 
University of 

Washington .......... 22.4 1.5 0.0 9.4 9.4 7.9 | 26.0 0.0 | 17.2 6.2 
University of 

Wisconsin............ 21.0 4.0 0.0 | 11.9 7.9 4.0 | 31.5 4.0 | 11.8 4.0 
University of Wyoming..| 16.7 4.8 0.0 | 14.3 7.9 6.3 | 38.1 0.0 8.7 3.2 
Washington University .| 22.3 5.0 6.3 | 11.3 8.8 5.4 | 32.7 4.4 1.8 2.5 
University of 

West Virginia......... 21.0 6.0 0.0 | 11.0 7.0 7.0 | 44.0 0.0 0.0 4.0 
Worcester Polytechnic 

Institute............. 20.9 4.8 7.7 | 11.4 8.8 6.8|32.1 5.3 0.0 2.2 

AVERAGE...... 21.6 9.5 3.2 | 11.8 9.1 6.3 | 31.1 3.4 3.9 4.1 


*Tulane—Includes shop work 

fFlorida—includes shop work 

{3 Michigan—includes cultural electives 

$ New Mexico—Freshman gymnasium not included in percentages. 
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ELECTRICAL ENGINEERING 
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TABLE III. 
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TABLE IV. 
FOREIGN LANGUAGES 
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TABLE V. 
MATHEMATICS EXC. DESCRIPTIVE 
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TABLE VI. 


ELECTIVES 
© 

t 9 51% s| s 
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г o | 24 Q 5 с 
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RB š 5 О 
Tufts College..... и 24.0 4.0 4.0 | 9.0 6.0 6.0 | 22.0 2.0 | 21.0 
Armour Inst. of 

Technology........... 28.6 2.4 | 00.0 7.2 8.8 6.4 | 35.0 0.8 | 17.9 
University of 

Washington........... 22.4 1.5 | 0.0 9.4 9.4 7.9 | 26.0 | 0.0 | 17.2 
State Agric. College of 

Colorado............. 25.5 5.0 | 00.0 | 10.0 8.5 7.0 | 21.3 2.5 | 16.2 
University of Missouri 

(КоПа)............... 18.6 6.4 3.5 | 10.5 7.6 8.5 | 26.7 1.2 | 14.8 
University of Missouri 

(Columbia)........... 16.1 4.8 0.0 | 16.1 8.1 4.0 | 29.8 4.0 | 13.7 
University of Wisconsin .| 21.0 4.0| 0.0 | 11.9 7.9 4.0 | 31.5 4.0 | 11.8 
Univ. of New Mexico ...| 28.0 4.2 0.0 | 14.0 9.1 5.5 | 25.9 2.1 | 11.2 
University of Arkansas...| 28.5 4.2 4.2 | 14.6 5.5 5.5 | 22.9 0.0 | 10.4 
University of Nebraska...| 17.8 3.2 0.0 | 16.0 | 12.0 4.8 | 32.8 | 0.0 | 10.4 
University of Minnesota .| 20.6 | 4.1 0.0 | 13.7 | 8.2 4.1 | 33.3 4.1 8.9 
University of Wyoming..| 16.7 4.8 0.0 | 14.3 7.9 6.3 | 38.1 0.0 8.7 
Massachusetts Institute 

of Technology......... 23.8 5.2 3.2 8.8 8.2 8.3 | 25.5 4.2 8.3 
University of California..| 15.0 0.0 0.0 | 11.0 | 12.0 7.0 | 40.0 0.0 8.0 
Purdue University....... 20.4 7.9 6.6 | 14.4 9.6 3.5 | 21.5 5.9 7.6 
Iowa State College.......| 21.7 7.5 0.0 | 15.0 | 11.5 6.8 | 23.7 2.7 7.5 
University of Arizona....| 17.3 6.4 5.1 | 10.9 5.1 5.1 | 32.7 0.0 7.1 
Massachusetts Agric. and 

Mech. College......... 15.3 | 10.9 0.0 | 18.8 7.0 4.5 | 26.1 5.9 6.3 
Ohio State University....| 20.1 2.6 5.2 | 13.0 | 13.0 5.2 | 31.2 0.0 5.8 
University of Alabama...| 18.4 3.2 0.0 | 13.2 | 10.5 5.3 | 34.7 4.7 5.8 
Oregon Agric. College....| 25.0 4.5 0.0 | 13.0 | 9.5 4.5 | 30.0 0.0 5.7 
New Hampshire College. | 21.0 4.1 0.0 | 12.0 | 10.1 6.1 | 35.7 0.0 5.4 
Montana State Agric. 

and Mech. College.....| 33.0 3.0 0.0 | 13.0 | 16.0 5.2 | 15.2 7.0 5.2 
George Washington 

University............ 25.7 4.3 4.3 8.6 7.1 8.6 | 33.6 2.8 5.0 
Union College........... 22.8 8.6 8.6 | 17.2 5.6 4 5 | 20.0 5.5 4.4 
University of Maine..... 20.3 6.5 6.5 | 13.4 8.7 60 | 26.5 4.6 4.0 
Lafayette College........ 27.7 3.9 3.9 | 11.0 6.4 64| 24.5 | 11.0 3.9 
University of Tennessee .| 10.4 | 6.9 | 6.9 | 11.6 | `4.6 | 52|39.4| 0.0 | 3.4 
State College of 

Washington........... 27.2 6 0.0 | 12.4 6.2 6.8 | 29.7 4.7 3.1 
Bucknell University......| 23.0 5.5 9.0 | 12.6 9.4 | 23.0 8.0 3.0 
Oklahoma Agric and. 

Mech. College......... 25.0 5.9 0.0 | 12.5 | 11.0 5 7 | 30.9 1.5 3.0 
Cornel] University....... 20.6 0.0 0.0 7.8 9.0 70 | 46.5 3.9 2.6 
Johns Hopkins University| 20.3 5.5 3.2 9.0 | 13.6 70| 26.6 4.7 2.3 
University of Vermont...| 27.6 4.3 6.5 8.6 5.4 5 4 | 27.0 2.2 2.2 
Tulane University....... 12.3 6.4 0.0 | 12.8 7.9 8.9 | 48.4 0.0 2.0 
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ANNUAL REPORT OF THE MARINE COMMITTEE 


To the Board of Directors, 

The Marine Committee submits the following report for the 
year 1917-18. 

Two merchant vessels equipped with  alternating-current 
lighting and motor service including engine room auxiliaries as 
well as deck axuiliaries have been completed and put in service. 
As mentioned in last year's report these equipments followed 
land practise adopting 250-volt, 60-cycle, three-phase alter- 
nating current. The total power provided was 200 kw. divided 
in two equal units. 

These equipments were thoroughly tested and found satis- 
factory by extensive trial trips of the vessels but the vessels 
themselves have not been in service a sufficient time to warrant 
conclusions to be drawn as to service conditions. The vessels 
are both oil carriers and the heaviest auxiliary: loads were those 
connected with the cargo oil pumps. It is to be expected that 
the owners will maintain records to show whether the vessels 
show marked improvement in the loading and discharging of 
cargo. It was upon this basis and the danger coincident to the 
use of d.c. motors that the application was made. The two 
electrically propelled merchant vessels have not yet been com- 
pleted. Their equipments, however, are now under construction. 

Much work has recently been projected on the basis of using 
oil engine-driven generators and electric motors for ship pro- 
pulsion. For reasons connected with the low speed of the oil 
engine and increased efficiency, these plants have been designed 
for 25 cycles. It is understood that two such vessels may be so 
equipped. 

Present Activities 

Your committee has not been able to make further progress 
this year regarding the full revision of the electrical rules of 
Lloyd's Register of British and Foreign Shipping. The war 
conditions have prevented the necessary conferences, but minor 
matters of installation have been referred to the Lloyd’s Register 
from time to time and approval given in accord with American 
practise. It was the consensus of opinion of this committee 
at its last meeting that the present time would not permit of 
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the preparation of technical papers either for presentation at 
meetings or for publication in the Transactions. There has 
been, however, a favorable tendency towards the writing of 
popular articles on marine subjects in order to aid the general 
public in its conception of the extent of the uses of electricity 
in the marine field. 


Suggestions for the Future 


It is the purpose of your committee to continue to make 
suggested changes in the rules of the various classification So- 
cieties, and as experimental equipments emerge into established 
practise this committee will make the proper recommendations. 
As was inferred above, the intensive work of the individual 
members of the committee now prevents the writing of tech- 
nical papers. It is believed that the time is approaching when 
it will not only be expedient but necessary to have such papers 
prepared and published in the TRANSACTIONS. Тһе tendency in 
the field of ship propulsion seems to be approaching nearer to 
the use of electric drive due probably to increased interest on the 
part of ship owners and marine engineers in the efficiency of 
such systems, and the possibility of obtaining electrical appara- 
tus with less difficulty than other types of propulsive machinery. 

The committee desires to call your attention to the desira- 
bility of closer coordination of its work with the other technical 
committees of the Institute. The growth of the shipbuilding 
industry in this country and allied problems makes this most 
desirable. 

H. A. Hornor, Chairman 
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ANNUAL REPORT OF THE POWER STATIONS 
COMMITTEE 


To the Board of Directors, 

The Committee held two meetings during the year, which, 
however, were poorly attended. It was early recognized undesir- 
able to request from any engineer any labor for committee work 
except that which would be absolutely necessary or would be- 
come of vital importance to the operation of plants during the 
war. 

At the last meeting, held December 14, 1917, two members 
in addition to the Chairman undertook to investigate and col- 
lect all available information on the broad questions of savings 
in production and utilization of power. Mr. Gorsuch has col- 
lected a good deal of information on what has been accomplished 
in utilizing waste gases in industries and tying together the elec- 
tric power distributing lines with such by-product power plants; 
also studies of fundamental factors affecting economies in opera- 
tion of power plants and favorable conditions under which they 
may be secured. 

Mr. Putnam and the Chairman undertook to review the 
present-day relative economic values of new water power de- 
velopments vs. steam power developments and their dependency 
and co-ordination, having in view the advisability or not of 
investing new capital in new water power developments during 
the time of the war, in contra-distinction of what the economic 
factors would have been previous to the war and what may 
be after the war. 

The Chairman in collecting these subjects had in view the 
possibility of eventually securing proper papers for presentation 
at one of the meetings of the Institute if it were found desirable 
to cover at such meeting the subjects from the standpoint of the 
broad national policy during the war period. 

In pursuing the study, the Chairman soon found out that the 
subject of power is a complex one and has many ramifications, 
so that a comprehensive solution could not be attained without 
securing the co-operation of representatives of different organi- 
zations interested in the application of water powers, steam 
powers, best methods of securing highest fuel economy by con- 
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centration of power generation, inter-connection of systems, 
possibilities of economies in use of wastes and gases from by- 
product coke ovens, powdered fuel, etc. 

The Chairman, on the occasion of the Mid-Winter Convention, 
took the opportunity of suggesting to the President that it might 
be advisable to initiate the organization of a National Engineer- 
ing Commission for considering and discussing plans and ways of 
advancing the recommendations made in his address. Such a 
Commission would naturally broaden out to studv and report on 
policies affecting economics of power generation for general power 
application, steam electrification and special industries requiring 
continuous use of power. It was believed that such a study and 
recommendation would be of immense value to the industries, 
Government and State in shaping their policies in the generation 
and utilization of power. 

A conference to discuss the subject thoroughly and outline 
plans could not, on account of the pressure of other matters, be 
arranged to include all who, in the opinion of the Chairman, 
should be present. | 

Some individual work was, however, done and considerable 
matérial is now available for use if the new administration 
should decide to carry out the plan. 

Respectfully submitted, 
Рнилр Товснпо, Chairman 


Presented by publication only. 
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SKIN EFFECT IN TUBULAR AND FLAT CONDUCTORS 


BY H. B. DWIGHT 


ABSTRACT OF PAPER 


А method is presented for calculating the skin effect resist- 
ance ratio of a tube, which is a form of conductor t5 be recom- 
mended for high-frequency work. A formula is also developed 
by means of which the asymptote to the curve of the ratio R'/R 
may be drawn, and thus the magnitude of the skin effect at ex- 
tremely high frequencies may be obtained. 

The values of the ratio R'/R for tubes of various thicknesses, 
are plotted in a set of curves (Fig. 3) which may be used for 
the solution of practical problems. 

A similar method is described for the calculation of skin effect 
inathinstrap. Although the calculations cannot be carried out 
for as high frequencies as the calculation for tube, it indicates a 
method of coordinating the test results for straps, which have 
been published. А set of empirical curves for straps is given 
in Fig. 7, from which approximate values of К’/К for any case 
may be read. 


[^ any conductor carrying alternating current, the magnetic 

field around the axis of the conductor produces variations 
in the current density. In an isolated conductor, the current 
tends to flow more densely in the outermost parts, farthest from 
the axis of the conductor. The effect is more pronounced as the 
frequency becomes high, or as the section of the conductor 
becomes large. "The result with a round wire or tube when the 
frequency is high, is that the current is concentrated in the outer 
skin of the conductor—hence the name “skin effect". In an 
isolated flat strap, the current crowds mainly toward the edges 
of the strap, and term “edge effect” has been suggested!, although 
the general term “skin effect" is often used for all cases of the 
phenomenon. 

The formula for the magnitude of the skin effect in a round, 
non-magnetic wire may be obtained by assuming an infinite 
series for the current density at any point of the section?. The 
formula may also be obtained by forming a differential equation 
connecting the current and the dimensions of the section*. An 

1. Skin Effect Resistance Measurements, by A. E. Kennelly and H. A. 
Affel, Proc. Inst. of Radio Engineers, May, 1916. 

2. Clerk Maxwell, Electricity and Magnetism, Vol. II, para. 689. 


3. А. Russell, Philosophical Mag., Vol. 17, 1909, p. 524, and A. E. 
Kennelly, F. A. Laws and P. H. Pierce, TRANs. A. I. E. E., 1915, p. 1953. 
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alternative method has been described* by which the effect of 


the magnetic field is traced step by 


step. Successive increments 


of current and voltage drop are calculated, to keep the voltage 


uniform over the section, as of 
course it really is. The increments 
become smaller and smaller, form- 
ing convergent series. This method 
gives the usual result for round 
wire, and is useful for the special 
cases of tubes and straps, which 
are calculated in this article. 
Assume that a uniform current 
of density ау, in absolute electro- 
magnetic units, that is, in abs- 
amperes per square centimeter, 
flows at all parts of the section of 
the tube indicated in Fig. 1. The 


Го) = Tao (29х + 
The flux density at dx is 


2 Го) 
q + x 
x x? 
=2т@| 2-—- q (1- 
n 2 3 
ое (22-5 xt 
о 9 » gU 2 


Fic. 1—SECTION OF TUBULAR 
CONDUCTOR 


current inside the circle dx 1s 


x?) absamperes (1) 


— edu) 
+...) | 


— ... ) lines per sq. cm. 


The flux outside of d x and inside the metal of the tube, per 


centimeter of tube, is 


q 


f 2 
бо) 21) (+ 5 A C ) d x lines 


x 


The reactive drop at d x due to a4 is 


j Фо) = j @ 2 T ao Ë 


1 1 ] Ё 
“C etre 


tunt) 


4. "Transmission Line Formulas, by 


H. B. Dwight, 1913, Chap. X. 
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"OPEM (iL + ій жм 
—= 4 4? . ж LJ Ë 
l x 1 x< А 
| 4T о 
putting т? = 7 (3) 


where w is equal to 2 times the frequency in cycles per second, 
and where p is the specific resistance of the metal in absolute 
units. The specific resistance in ohms is p X 10” 

Let a current of density a, flow, such’ that a; p will be equal 
and opposite to the above terms in x. Then 
l. x? 1 x l x< 

а= ја (5 33448 с) 
absamperes рег sq. ст. (4) 


Ву the above process, the total current due to a, is found to 
be 


jm ra; 27 qi ЛЕТ P 
73 (LP 2 axe т den) 


absamperes, (6) 


and the reactive drop at d x, due to flux in the metal caused by ay, 
is 


gme) apg 2 t,83 P. A 
2 x5 : 
+ іт pa +- ) abvolts (6) 


Ву assuming а current of density аз, such that as p will neu- 
tralize the terms of x in (6), it 1s found that the total current due 
to as 15 

М 2 42 2 
(jm? ? ) au 2 T q! POUR ip BT Че ) 
(5 
absamperes (7) 
and the reactive drop at d x, due to flux in the metal caused by 
а 15 


(jm?»?ap/, _ 
| 
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By continuing this process, the following results are obtained: 


IZ = ap [1 tO IE +һ k 


(j m Р)? 
/6 
where 1 is the total current in the tube, where 2” is the effective 


impedance due to resistance and inductance caused by flux 
inside the metal of the tube, and where 


+ 6: + sal abvolts (9) 


һа 
оа. logh (1 + — (10) 
b; = 1 — S +j = W +... (11) 
RETE + Tt = +... (12) 
= 1- $ T++ SK... (13) 
h-1- T T+ uc (14) 
ТОСЕ E PE (15) 


2n+1 q 


If R is the resistance of the tube per unit length, in absolute 
units, 


BECHER) 
- [144 T7 ET 
rau es] as 
where Е EA. а РГ e die 


(17) 
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(18) 


‚ (19) 
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Fic. 2—COEFFICIENTS FOR CALCULATING SKIN EFFECT IN TUBES 


The values of the coefficients 61, bs, сі, etc., are shown in Fig.2. 


These have been used in calculating the curves of R at the 


lower frequencies shown by the full lines in Fig. 3. The complex 


Z _ is found from (9) and (16). The denominator is 


R 
rationalized, and then the real part of 


quantity 


is equal to TRU 


Z' 
R 


982 DWIGHT: SKIN EFFECT 


The formula for the skin effect in a tube of infinite radius is of 
the same form as that for a return circuit of two adjacent straps, 
but different constants are involved. 
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Fic. 3—SKIN EFFECT IN TUBES OF VARIOUS THICKNESSES 


The above calculation can be carried to fairly high frequencies 


and it can be shown by it that thecurve of — of a tube be- 


5. Skin Effect of a Return Circuit of Two Adjacent Strap Conductors, 
by H. B. Dwight, The Elec'ric Journal, April, 1916. 


34 EIU + EE ead] — — |У4 = 0.15) A kaa dede DA = 
a a | = V | | _ 
| 
! 
| 


| 
> + — 
| t 
| | | 
a ae ee кке BÓ U... U... ee ee ee ee ee ee ee | 
| | 
| | 
+ $ ka 


— = 


| 


— кыш — иш 
I 


| { 
| | 


| 
+ 
| 
—— 
[ 
| 
| 


| 


+ -- as 
| 


DWIGHT: SKIN EFFECT 983 


comes approximately a straight line for high frequencies when 


, 
Ж. is plotted against the square root of the frequency. Тһе 


angle of slope of the asymptote, that is, the line which the curve 
, 
approaches as a tangent, when 5. is large, may be calculated as 
follows, in a manner similar to that used by Dr. А. Russell in de- 
riving a method for determining the skin effect of a concentric 
main, that is, a tube containing an insulated return wire.* — 
The skin effect in an isolated non-magnetic tube, in which the 
current returns at a considerable distance from the tube, is 
quite different from the skin effect in a tube contain ng a return 
wire, and so a new calculation is required, using different con- 
stants. 
Let i be the current density at radius y, Fig. 1. Тһе drop per 
cm. of the tube at radius y is 


e = pt + се (21) 


where p is the specific resistance of the metal in the tube, where 
T is time, and where 


2 Го) i 2 Гу 
e f т y j т y (22) 


У 
ы- | 2-m1ydy (23) 
q 
d e 2 Io D ТЕС 
Therefore, — = — —— =- — 2тіуа 24 
егеЃоге, —7, г 7 y dy (24) 
q 
Differentiate (24) with respect to T 
d de а de 24т dt 
dt dy ау dr y Ir” 


q 
Now e is constant over the section. Therefore 


de |. d d de 
di 4 т di 


6. Philosophical Mag., Vol. 17, 1909, p. 524. 
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di 
When y = q, 0 = — 0 
en y = q dy 
di 
Therefore, when y = q, E = 0 (26) 
й 4т [” di 
From (26), y у P j У 9 ау (27) 


Differentiate (27) with respect to y. Then 


d? і + d __4т_ di 
7 dy dy | p ? dr 
2 
Pu m = 1*9. BT (28) 
| p p 
where f — frequency in cycles per second. 
d? 4 1 di m? di 
Buen dy + y dy “ w dr 
d? + 1 di WT 
and therefore dy: a po um + = 0 (29) 


when the current has a sine-wave shape. 
The solution of this differential equation may be written 
i =(A +j B) Л (my V — j) + (C+ jD) К (m y V — j) 
(30) 
where Jo (my V— j) is a Bessel function of the first kind and 


of order zero, where Ко (m y V = j) is a Bessel function of the 
second kind and of order zero, and where А, B, C, and D are 
constants to be determined. Thus 


$ = (A + j B) (ber my + j bet ту) 
+ (C + j D) (ker my + j kei my) (31) 
that is, 1=А ber my — B bei my + C ker my — D kei my 
+ j (A bei my + B ber my + C kei my +D ker my)? (32) 


di 
dy 


From (26), = 0 when y = q. 


— 7. See equations 29, 44 and ТТ of the paper by Kennelly, Laws and 
Pierce, and the paper by A. Russell, referred to in the second paragraph 
of this paper, refcrence 3. 
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Therefore, 
A ber’ mq — B bet’ mq + С ker’ mq — D ket’ mg=0 (33) 
and A bet’ mq+B ber’ mq+ С ket’ mq+ D ker mg=0 į (34) 


Let the total current in the tube be the quantity to which all 
phase relations are to be referred, and let it be equal to J +70. 
Then, since 


[rm my a = — bei! my, ELLE 


Е , xni. ў 
et ber’ my, j y ker my dy x kei! my 
and j y kei my dy = — — ker' ту, 


we have 


r- | 2 пу: у 


а 


27 [ 4 y bei! my + B y ber! my + Cy kei my 


+ D y ker my | 
q 


2 T 
m 


=] 


| — A y ber’ my + B y hei’ my — C y ker’ my 


+ D у ke’ my ] 
1 


The quantities in the brackets are equal to zero when у = q, 
by (33) and (34). Therefore, 


I+ j0= ZTT. [ A bei! mr + B ber! mr + C kei! mr 
+ D ker! mr | 
+329" | — A ber’ mr + B bei’ mr — C ker’ mr 


+ D kei’ mr | 
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Therefore, — A ber’ mr + B bet’ mr — C Һет! mr | 
+ D kes’ mr = 0 (35) 

Im 
2 Tr 
(86) 
Let Z' be the effective impedance per centimeter of the tube 
at a certain frequency due to its effective resistance R' and its 


inductance caused by flux ins de the metal. Since the flux does 
not cause any drop where y — r, we have, from (21), 


and A bet’ mr + B ber’ mr + C ket’ mr + D Вет! mr = 


е = IZ' = P ir) 
Therefore, by (32), 


IZ = p| A ber mr — B bei mr + C ker mr — D kei mr | 


. | | (37) 
+јр[ A bei mr + B ber mr + C kei mr + D ker mr | 


The drop ‘п phase with the current 1 is 


IR =p| А ber mr — B bei mr + C ker mr — D kei mr | 


(38) 
-. ТР 
Now, by (36), IR- т( а) 
E 2 пур - Р ы 
TUR US ON ("= тут [4 bei mr + B ber mr + C ket’ mr 
+ D ker’ mr | (39) 
, 
Therefore, A 
_ т ( — q?) (A ber mr — B bei mr + C ker mr — D kei mr) 
р 2r (А bet’ mr + B ber’ mr + C ket’ mr + D ker! mr) 
(40) 


The four equations (33), (34), (35) and (36) are sufficient to 
determine the four constants А, B, C, and D. 

A similar equation for the skin effect inductance ratio could 
easily be written down, but would not be of much practical 
interest in the case of a tube since the flux inside the metal is 
extremely small compared with the flux outside the tube. 


DWIGHT: SKIN EFFECT 987 


Equation (40) could be used to calculate the skin effect resist- 
ance ratio of a tube at any frequency if very complete tables of 
the eight functions, ber, etc., were available. 

The result is the same as in Dr. Russell's equation (89) for a 
concentric main, except that the inner and outer radii of the tube 
are interchanged, due to the different position of zero flux. 
Thus by interchanging the inner and outer radii in Dr. Russell's 
low-frequency formula (101), which is derived from (89), a low- 
frequency formula for an isolated tube would be obtained. In 
this article, equation (40) will be used only for obtaining the 


/ 


R 
R 


slope of the asymptote to the curve of ‚ thus giving approxi- 


ГА 
s for high frequencies by a very simple 


mate va'ues of 


formula. 

For large values of mr, approximate formulas for the eight 
functions ber, etc., are given in Dr. Russell's paper referred to 
above, of which the following is an example: 


т” 


“2 


ber mr= 


€ 
“9 T mr mes v2 8 (41) 


The values given by these approximate formulas are more 
accurate as mr is larger. 

If these formulas are substituted in the well known equation 
for a solid wire, 


К’ _ mr (ber mr bei mr — bei mr Бег mr) (42) 
R 2 (ber mr + bei mr) 
; R’ mr 
e obtain —— = —— = 43 
we obtai R wig (43) 
which gives the slope of the asymptote of the curve of к 


Іп order to obtain the equation of the asymptote (see Fig. 3), 
namely, 
R' mr 1 


24 


(44) 
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it is necessary to use values of the form 


1 


mr 
4/2 +g т” 4/5: 


€ 
be JY = —— e -——n ee ыы 2 Pay а за t узы 
I У 2 жтт 4/2 8 8 тг 25. 


given in Dr. Russell’s paper. If further terms of the series in 


| (z т 1 ) (45) 


и are added, an asymptotic formula for — is obtained, 


which is very accurate except at low frequencies. 
It is thus evident that the substitution of the formulas similar 
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Fic. 4—COMPARISON OF CALCULATION WITH TEST 


to (41) in equation (40) will give only the slope of the asymptote 


of the curve of Ж. . Тһе result of the substitution, after a 


certain amount of trigonometrical work, is 


к _ mt(q+ r) {sinh (mt V 2) + sin (mt V 2)] 


— — — 4 
R 2r V2 [cosh (mt V 2) — cos (mt У 2)} i 
This reduces to -5 о. (47) 


9742 
which gives the required slope of the asymptote. И the inner 
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radius g = 0, we obtain equation (43) for a solid wire. If q is 
practically equal to r, (47) becomes 


| “2 EE 

This happens to be the actual equation of the asymptote, which in 

this case passes through the origin. (See equations 100 and 110 
of the paper by Kennelly, Laws and Pierce, reference 3.) 

The useful fact is therefore deduced that the asymptote of 


| , 
the curve for i of a thin tube passes close to the origin. It 


Maximum Frequency 
= 100,000 Cycles 
Man 


Fic. 5— COMPARISON OF CALCULATION WITH TEST 


, 
is therefore possible to plot s. closely for tubes at high fre- 


quencies, as is done in the dotted lines in Fig. 3. The values 
found from the high-frequency, Bessel function calculation are 
in agreement with those found by the low-frequency calculation. 

As examples, the results for two tubes tested by Dr. Kennelly, 
described in the papers mentioned above, are shown in Figs. 4 
and 5. From the data given, the d-c. conductivity of the hard- 
drawn copper tube in Fig. 4 was about 50 per cent, and the 
curves have been drawn accordingly. The test curve of the 
soft-drawn copper tube of Fig. 5 was calculated on the basis of 
100 per cent conductivity, in the absence of data regarding the 
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conductivity. If the conductivity were lower, the test curve 
would be drawn farther to the left. 

Skin Effect in Strap. The process of calculating corrective 
currents to keep the voltage drop uniform over the section of the 
conductor may be applied to a thin isolated strap as well as to 
a tube. In this calculation, the strap is assumed to be so thin 
that the only appreciable action is the crowding of the current 
to the edges. The test curves shown in Fig. 7 indicate that this 
assumption 1s allowable for very thin straps. 

Since the magnetic flux around the strap does not lie in circles, 
the voltage drop at any part of the 
section is calculated from the effect 
of the various elements of current Е РЕ 
іп the section. Thus, omitting terms 
involving the distance to the return 
conductor, which can be shown not to 
affect the skin effect resistance ratio when the distance is large, 
it is found that the reactive drop at dx, Fig. 6, due to a cur- 
rent of uniform density бу, is 


Fic. 6—SECTION OF STRAP 
CONDUCTOR 


jw чаев [2- (1 +—) tog (1 +— ) 


- (1- =) tog & (1-#-)] 


1 . 1 x2 1 x 
= 2 j# pb. |1- 12 a! 3.4 a 
1 xe Р 
56 aa | (49) 
о 4 о) 
where ре -- апче oco 


and where R is the resistance of the conductor per centimeter 
in absolute units. The resistance in ohms is R X 10%. 


2 
Also, the reactive drop at dx due to current b, =; 
I. 1 x? 
dura 


-y (1+ Fr) в (+ 3-) 


— -— — — — 
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The reactive drop due to current b, сав 


SN UNE ЕТЕ: rp cb... E. 
= 73 ЖАЛА ЕСТЕ ТІЗЕ а? 


Рр Е НОК ЛЕН Л 
| 1(2n) а!" 1(2n+2) att? 


1 x2 "+4 


The total current in the strap due to by is 4 ac by. The total 


current due to b, A is E b, 4 ac and the total current due to 


х 1 
b, "qi IS 2n 11 b, 4 ac (52) 


Assume that a uniform current 1o, flows in the strap. Тһе 
reactive drop at d x is given by (49). Next, assume a current 
whose resistance drop is equal and opposite to the terms in x of 
(49). The total current in the strap can be found by applying 
(52). By repeating the above process, and carrying the various 
series out to five terms or more in each case, the following results 
were obtained. Drop in the strap due to alternating current 


= I Z’ = ir [L + j $ p? — 0.0149994 p“ 


+ j 0.003122 p° + 0.000532 p* — j 0.0000779 р" 
— 0.0000096 p!: + j 0.00000094 р“ + 0.00000005 2%) (53) 
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Drop in the strap due to a direct current of the same amperage 


= IR = ior [1 + j 0.0965736 р? + 0.0152178 p’ 

— ј 0.00218 рё — 0.000259 p$ + 7 0.0000237 ро 

+ 0.00000100 р? + 7 0.00000022 p" 

+ 0.00000008 р: (54) 


Some of the coefficients of the above series can be expressed 
exactly by algebraic functions. Thus, in (53) the term in p‘is 


1 5 п? 
-(-г log h 2 — 16 + 54 ) bf = - 0.0149994 6 


16 
In (64) the term іп p? is 


А I: 1 : 
J ( 75. log h 2— 4) р? = 70.0965736 р? 


and the term in f* is 
1 1 y ` бт? 5 1, 
É. logh2— — (logh2) + -12 794 ір 
= 0. 0152178 р 


, 


The fraction = can be calculated from (53) and (54) for 


various values of р. Then, after rationalizing the denominator, 


/ 
x , the skin effect resistance ratio. 


the real part is equal to 


, 


The values of =. for various values of ф are plotted in 


, 


Fig. 7. It is seen from this figure that the curve of Ж. of a 


strap, when plotted on the square root of the frequency, has the 
same general shape as the curves for wire, tube, and a return 
circuit of two adjacent straps, and it seems to approach a straight 
line as an asymptote in the same way that they do. 

The calculated curve has been carried only as far as p = 2. 
The other lines in Fig. 7 are test curves published in the papers 
by Kennelly and Affel, and by Kennelly, Laws and Pierce, 
referred to in the first part of this article. The test curves, 
especially at frequencies up to 70,000 cycles, show approximately 
straight lines, when plotted on the square root of the frequency. 


The curve, a = 240, Fig. 7, has the lowest position of any of 
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the published curves when they are plotted according to Fig. 7. 
А conductivity of 100 per cent was assumed for this copper strap. 
If the conductivity were lower, the curve would be slightly 
higher. The section of this strap was 0.016 by 3.81 cm. 

The curve for a round wire of the same sectional area as the 
strap lies below the curve for strap up to p equal to about 2.1, 
but at higher frequencies than that, the wire has a greater ratio 
than the strap. (See Fig. 8). It is to be expected that the 
curves for thick straps would lie intermediate between the curve 


1.5 
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Ес. 7—SKIN EFFECT IN STRAP CONDUCTORS 


EN 


for thin strap and that for wire. Such curves are represented 
by test curves = = 16 (0.158 x 2.52 ст.) and P = 8 


(0.1575 X 1.26 cm.) 

The curves of Fig. 7 may be considered as an extension in 
further detail of the article by the writer in the Electrical World 
of March 11, 1916, page 593, giving an empirical curve for skin 
effect in straps. Тһе ca!culated curve now given tends to con- 
firm the theory of the former article. 

It would appear from Fig. 7 that rolling a strap thinner and 
wider, but keeping the same sectional area and conductivity 
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always reduces the skin effect resistance ratio for values of $ 
greater than 2:1. However, it seems probable that the improve- 


ment is inappreciable after -- is more than about 50, and 


that the strap then approximates to an infinitely thin strap. 


Fic. 8—Sk&iN EFFECT OF VARIOUS CONDUCTORS OF THE SAME SECTIONAL | 


AREA 


Thus a strap a foot wide would have the same skin effect resist- 
ance ratio as a thin strap one inch wide, if -- is in both cases 


greater than 50, and if both straps have the same resistance per 
1000 feet, due to the wide strap being thinner or being made of 
material of lower conductivity. 

By dividing series (63) by (54) a series is obtained which is 
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convenient for calculations when ф is comparatively small. 
This is 
-É — 1 + 0.0087432 pt — 0.000384 p* 


R 
+ 0.0000189 p — ... (55) 


This series is not so convergent as (63) and (54). It should 
not be used unless p is small enough to make the last term quite 
small. 

It should be remembered that the discussion on skin effect in 
strap in this article refers only to a strap which is not close to 


the return conductor, for in that case the proximity effect 
£55 
changes the value of I , generally increasing it when the 


Straps are in an edgewise position, and decreasing it when they 
are in parallel planes. 

A copper strap à by 5 inches, carrying current at 60 cycles, 
may be taken as an example of the calculated formula of skin 
effect in a thin strap. By changing the dimensions to centi- 
meters, and taking the specific resistance of copper in absolute | 
units to be 1724 at 20 deg. cent., we obtain 


1 6.45 


Р = 87 X 60 X — X 5 X 


8 1724 = 3.53 


Therefore p = 1.88 and -- = 1.071, from Fig. 7. 


For a strap T X 10 inches, 


1 6.45 . 
p= 8 z X 60 X +ç X 10 X 1724 = 3.53 
Therefore the two straps which have the same resistance per 
ГА 
foot, have the same value of Е: . Both straps сап Бе con- 


sidered to be practically the same as an infinitely thin strap, 
since the thicker one has a width 40 times the thickness. 

In order to show graphically what types of conductors are 
most advantageous for high-frequency work, or for heavy 
currents in electric furnace circuits, the curves of Fig. 8 
have been drawn. "These show the skin effect to be expected 
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from using a given weight of copper in the form of wire, strap, or 
tubes of various proportionate thicknesses. In the case of a 
tube о 


8TfA име 
И m P (452) (B6) 


where A is the sectional area, and this equation may be used to 
obtain the curves of Fig. 8 from those of Fig. 3. From the 
equation of the asymptote to the curve for a tube, it may be 


found that vay Бела which = is less than about 0.025 will 


always have less skin effect than a flat strap of the same sec- 
tional area and conductivity. A tube whose proportionate 
thickness is greater than the above amount may have a greater 


skin effect resistance ratio than a strap of the same sectional 


area at very high frequencies. 

The curves of Fig. 8 are in agreement with the conclusion 
expressed in the paper by Kennelly and Affel, that a thin tube is 
the most economical form of conductor for high-frequency cur- 
'rents, when the return conductor is a considerable distance 
away. 

As a general principle, it may be stated that a conductor, or a 
combination of conductors, of a certain proportionate shape and 


This 


R’ 

R R ` 

Is true of tubes and round wires, as is shown by Fig. 3, where the 

skin effect of a tube of a certain ratio of thickness to diameter, 

but of any size, is given by a single curve. That the principle 

is true also of any shaped conductor, or any combination of con- 
ductors, may be indicated as follows: 

Assume that an irregularly shaped conductor carries current 


a certain value of TA , will have a definite value of 


/ 
Е = (1 + a). The current will 
be crowded to certain parts of the section of the conductor, and 
the exact extent of this crowding may be indicated by plotting on 
the section, the lines for 95 per cent, 100 per cent and 105 per 
cent of average current density. In the case considered, the 
increase in resistance by the factor (1 + a) is caused by a certain 
location of the current density lines. 

Suppose that the conductor heats up so that its resistance 
increases 25 per cent, and suppose that the frequency also in- 


at such a frequency, f, that 


M 2 42- -rey 


- 


P - 70 -— guru 
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creases 25 per cent. The unbalance of current is equivalent to 
a, circulating current which goes with the main current at parts 
of the section, and returns at other parts of the section. This 
circulating current is driven by a voltage proportional to the 
frequency, and its voltage drop is due to resistance and is 
accordingly proportional to the resistance. Since both the fre- 
quency and the resistance have increased 25 per cent, the cir- 
culating current will be unchanged. Therefore, the position of 


/ 
the current density lines and the value of -5- will be unchanged. 


Now, instead of the heat in the conductor raising its resistance, 
let a conductor of the same shape but 80 per cent as large be 
substituted, and let the frequency still be 25 per cent higher 
than at first. The resistance of the conductor is 25 per cent 
higher than at first. Thus the path for circulating current has 
25 per cent higher resistance, and the frequency is 25 per cent 
higher, so that the circulating current is unchanged. Therefore, 


the relative position of the current density lines will be the same 
, 


T will be the same quantity, 


as before, and the value of 


(1 + a). | 
Thus in any conductor or combination of conductors or in апу 
return circuit, of a certain proportionate shape, a given value of 


+ corresponds to a certain value of. A tested curve of 
R’ f | 
R plotted on RW wil therefore apply to conductors of 


different size from those tested, when the shape and relative 
position are the same. 

The practical application of this principle 15 seen by consider- 
ing that skin effect and proximity eitect values are very often 
desired to be known for yery heavy coaductors at commercial 
frequencies. In such cases the currents are too large and the 
voltage drops are too small, to be conveniently or precisely 
measured. Precise results could be obtained by constructing 
miniature conductors to scale, and measuring the skin effect 
with conveniently small currents at high frequency. 

In this way, the current distribution in three-phase circuits of 
ventilated busbars or of several cables in parallel, could be 
studied with exactness. 
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By considering a ventilated busbar to be approximately equi- 
valent to a solid conductor of the same outside dimensions and 
the same total resistance, a simple extension of Fig. 7, con- 
taining curves for various proportionate thicknesses, would show 
the approximate skin effect of any isolated, rectangular, non- 
magnetic conductor, whether solid or ventilated, hot or cold, 
large or small, and whether copper or aluminum. Such a set of 
curves would be useful in designing heavy busbars and con- 
ductors, not placed close together. 
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A REVIEW OF ELECTRICAL ENGINEERING PROGRESS 
PRESIDENTS ADDRESS 


BY E. W. RICE, JR. 


LECTRICAL engineering now covers such a wide field of 
scientific and technical activities that your President is 
presented with an embarrassment of riches in the attempt to 
select a subject for his address. Не has, therefore, decided not to 
confine himself to any one feature of our Society's work, but to 
pick out here and there a few of many items to talk about which 
seemed of present interest and importance. 

It is a pleasure to call your attention to the fact that we have 
added 1235 members of all classes during the year, our total 
membership being now 9370. This is a most encouraging result in 
these times of stress and change. 

Our Institute is a national asset of increasing galue to its 
members and tothe nation. Every person who has the necessary 
qualifications should identify himself with the Institute, not , 
only for the great benefits which he personally will receive, but 
in order that the usefulness and power of the great army of elec- 
trical engineers may be increased and rendered more available 
for the highest and most efficient service to our country and to 
the world. 

The engineer 15 the hope of the nation, not only now, when 
we are at war, but even more so in the future in the days of . 
reconstruction following the great peace. The engineer may 
perform valuable service when working alone, but his usefulness 
and power is manifestly greatly increased when acting in co- 
operation with thousands of his brothers. 

The Institute is not only a democracy but is a democracy of 
educated men and such men have a heavy responsibility to 
society at present and will have in the future. They should be 
leaders and exemplars for those who have not been so fortunate 
as to have enjoyed their opportunities. The Institute needs its 
members and the members need the Institute, that the electrical 
engineer may fulfill his high destiny. 

999 


1000 RICE: ELECTRICAL ENGINEERING PROGRESS . [June 26 


That the work of the Institute is of the highest quality is 
evidenced by the character of its meetings, its papers and dis- 
cussions and the splendid work of its various committees. Its 
value and usefulness has increased every year of its existence and 
it should continue to gain in strength and usefulness because its 
methods are in accord with the spirit of the times. 

But in order to accomplish this desirable result, it must con- 
tinue, as at present, to be representative of the electrical engi- 
neering profession of the country, and therefore, must continue 
to expand its membership. This growth will bring with it prob- 
lems inherent in all great institutions, democratic or autocratic, 
but I have confidence that all difficulties will be met successfully 
for the reason that the members of our profession are trained in 
the scientific view-point and methods of solving problems. 

In the early days the progress of the electric science and arts 
was so rapid that it was relatively easy to find each year plenty of 
material forareview. Progress has continued and will continue, 
but naturally a decided tendency to saturation is shown in many 
directions. In some instances, this saturation can be demon- 
strated to be due to the fact that limits of perfection have been so 
closely approached that little remains of possible accomplish- 
ment. In other instances the slowing up is due to lack of knowl- 
edge, or, especially at the present time, to lack of workers, such 
workers having been diverted to the work imperatively needed 
to secure us against the attack of our enemy on the foundations 
of our;existence. 

There has been no material improvement for several years 1n 
the matter of efficiency in electrical units, such аз dynamos, 
motors, transformers, etc. Тһе efficiencies stated in Past-Presi- 
dent Lincoln's address, in 1915, still remain almost exactly of the 
same values, and for the reasons which he so clearly pointed out. 

The efficiency of conversion of mechanical into electrical 
energy, or the reverse, of electrical into mechanical energy, is 
still about 90 per cent in the average case, under practical condi- 
tions of operation; the efficiency reaching as high as 97 per cent 
or 98 per cent in the most favorable cases, with the large units, 
and falling below 90 per cent in unfavorable cases, or in the small 
units. The efficiency of conversion of electricity from high tolow 
potential, as in transformers, also remains substantially the same, 
reaching as high as 98 plus per cent in the largest units. 
It is obyious, as Lincoln pointed out that no material change 
can be expected where such practical perfection has been reached. 
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The conversion of mechanical power of falling water into 
electrical energy by our water-wheels and electric generators has 
increased from about 87 per cent to 90 per cent in the largest 
units of 40,000 h. pry This represents about the limit which may 
be expected. 

In the field of thermodynamic engines, represented largely by 
the steam turbo-generator unit, some improvement has been 
obtained. Lincoln stated that 75 per cent of Rankine efficiency 
had been obtained in some large modern steam turbo units in 
1915. This has now been increased to about 80 per cent in the 
largest units of 35,000 to 40,000 kw. and 75 per cent is quite com- 
mon practise even in such moderate sized units as 10,000 kw. 
This improvement, while not large, is doubly important because 
of the great increase in the cost of fuel. It has been realized mainly 
by bringing the practical design more nearly in accord with 
the theoretical, by increasing the number of stages or processes 
of steam, extraction, reducing various losses, and by improving 
many details which, when properly looked after make in the 
aggregate, gains of practical importance. 

Increase in the initial pressure of steam and lowering of term- 
inal pressure, by better condenser arrangements, have also con- 
tributed to improvement, as it enables an increase in the range of 
temperature to be utilized. This makes possible better thermal 
efficiencies, even with the same per cent of Rankine efficiencies. 

The following information illustrates the improvement in 
efficiency of turbo-electric units beginning with the first 5000 kw. 
installed in this country, in 1903, and continuing up to the close 
of 1917: 


Steam Conditions 


— o e— Lbs. Per Cent of 


per rankine 

Year | Size, kw. Steam Superheat Back kw-hr. efficiency 
pressure fahrenheit pressure 

1903 175 Ib. 0 2 in 24.00 37.8 
1908 200 “ 125° lš “ 13.50 66.1 
1911 235 “ 100° 14 “ 13.20 67.0 
1913 200 “ 200? 1 “ 10.74 75.9 
1916 250 “ 250° 1 “ 10.00 76.5 
1917 230 “ 200° 1 UR 10.14 78.7 


It is gratifying to note that a percentage of Rankine efficiency 
of approximately 80 has been reached. This progress reflects 
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great credit upon the designers of turbo-electric machines and is 
a record of achievement found only in electrical development. 

Concurrently with this improvement in the turbo-electric 
machines, great advances have been made 4п the design and 
operation of steam producing devices—-the boilers, and.in 
auxiliaries апа. other features of the modern power station. Asa 
result the thermal efficiency has been rapidly improved. The 
thermal efficiency to which I refer may be stated as the ratio of 
the total energy produced at the terminals of the generator, to 
the total energy in the fuel burned — expressed as a percentage. 
It takes account of all losses from the coal under the boiler to the 
electricity at the dynamo terminals. It is the ratio of the heat 
units equivalent to one kw-hr., divided by the similar heat units 
in the fuel consumed to produce one kw-hr. at the generator 
terminals. 

This thermal efficiency 15 after all, to the electrical engineer, the 
most important measure of progress. It measures the advance 
in station fuel economy, and as stated, many factors in addition 
to the improvement in turbo-generators have contributed to the 
result. Thermal efficiency may obviously be used to express the 
results of a single unit, consisting of turbo-generator, with its 
bank of boilers and other accessories, or it may be used to desig- 
nate the combined result of all the units in a given power station. 

The progress in the case of a combination unit, $.е. turbo- 
generator, with its boilers, auxiliaries, etc. has been as follows: 


Thermal 
Year Size of unit efficiency 
kw. per cent 
1903 5,000 10.15 
1908 14,000 15 
1913 20,000 18 
1917-18 35,000 21.6 


For comparison, I may state that large gas engines in steel 
mill practise, under best test conditions, show 25 per cent thermal 
efficiency, but in actual operation, an efficiency higher than 18 to 
20 per cent is rare. 

High compression oil engines of the Diesel type, driving 
electric generators, realize 25 to 26 per cent thermal efficiency 
when new, but are difficult to maintain at such efficiency. 


1918] RICE: ELECTRICAL ENGINEERING PROGRESS 1003 


Тһе figures given must not be confused with the much higher 
thermal efficiencies often quoted for gas and oil engines, which 
refer to indicated horse power and not to electrical output. 

The steam turbo-electric unit has not reached its limit of 
thermal efficiency. Calculations show that, with pressures of the 
order of 500 15. gage, a thermal efficiency of 26 per cent should 
be easily realized. For any further substantial improvement, we 
must look to new methods, such as the use of two fluids, for ex- 
ample mercury and steam, as planned Ьу Mr. W. L. К. Emmet. 
This method is still under development but its progress has been 
hampered by the pressure of war work. 

As a matter of interest to electrical engineers, I may say, paren- 
thetically, that the steam turbine in this country owes its exis- 
tence and development almost entirely to the electrical engineer, 
and this is not surprising as the electrical engineer was familiar 
with the advantages of rotary machines, and perhaps it is not too 
much to say, prejudiced in their favor. 

While, as stated, the efficiency of electrical units reached about 
its limit some years ago, those familiar with electrical engineering 
development are aware that progress has been made and is still 
possible in the generation, transmission and utilization of electri- 
cal energy. The struggle for improvement in efficiency has been 
transferred from the unit to the aggregate, called the system. We 
cannot have a system of maximum efficiency without units of 
maximum efficiency, but individual units of highest efficiency do 
not, of themselves, insure that the system upon which they are 
used will be of the highest efficiency, so progress has been made 
in the direction of improving the system economy or system 
efficiency. 

To obtain the highest efficiency in practical operation, the 
element of time enters as a powerful factor. Our conception of 
efficiency should not be limited to a consideration of the relation 
between the instantaneous value of available heat units in coal 
and the electrical units produced at the point or points of con- 
sumption, but should consider the relation between the total 
number of heat units in fuel consumed in a given time, say 24 
hours, t5 the total number of electrical units produced and used in 
the same time. The attempt to improve the efficiency of the 
system has shown the necessity for utilizing the generator units 
and transmission and distributing systems, for the maximum 
possible time. 

This has led to the study of such questions as load factors of 
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generators, of stations, and of the system as a whole, to the study 
of the diversity factor, to the reduction of idle currents in alter- 
nating current systems by the use of synchronous condensers, and 
to means for the reduction of the constant and no-load losses in 
all machinery, in transformers, etc. 

The resulting improvement has been effected, not only by 
changes in designs of the units themselves, but also by their 
method of use, based upon the recognition of the fact that the 
elimination or reduction of the losses at light load will greatly 
improve the total efficiency, especially when the time of use of 
the apparatus under load is a small part of the total time. 

Automatic substations for transformers and synchronous con- 
verters have come into existence; different power houses of the 
same system have been tied together electrically; transmission 
lines of different systems have been interconnected, so that the 
units may be usefully employed for the maximum period, or lie 
idle or unloaded for the minimum time. 

This general development has led to marked improvement in 
total energy efficiency, represented by the amount of fuel burned 
per electrical unit sold or utilized, and has also reduced cost of 
operation and charges for investment. There is still room for 
continued improvement in this direction and the progress will be 
rapid due to the pressure for maximum efficiency in the use of 
coal and of existing investment at the present time. 

Many interesting examples of the methods and devices adopted 
to improve station and system economy and efficiency may be 
found throughout the country. In California, large electrical 
systems have been arranged to be tied together electrically, for 
exchange of power. In Washington and Idaho, power systems 
under different management have made similar arrangements. In 
the South, all important hydro-electric systems have been tied 
together for exchange of power. Theadvantage, as I have stated, 
of such arrangements is better utilization of variable stream 
flow, improvement in load factor, increased reliability of service, 
and the net result is to improve the efficiency of the system, not 
only financially, but in a purely technical sense. Опе most im- 
portant advantage is the obvious reduction of the necessary 
investment in reserve machinery of every description. 

In Montana, eight hydro-electric plants successively use the 
same stream flow, the total effective head amounting to 600 feet, 
and not only is the natural flow of the stream thus successively 
utilized, but all the storage water is effectively used by each 
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plant in series. In this same system, the yearly load factor is 
stated to reach 75 per cent and the mean monthly load factor to 
reach 80 per cent. 

The interconnection of hydro-electric plants brings about 
another extremely important saving, based upon the variation of 
rainfall in amount and time on the different watersheds which are 
thereby brought to serve a common system. It frequently hap- 
pens that there will be plenty of precipitation on one watershed, 
while another watershed may suffer from long continued drought. 
This condition varies not only in the same year but in different 
years. Interconnection serves to eliminate these variations by 
a process of averaging, and where the inter-connected system 
covers a sufficiently wide area, a remarkable increase in total use- 
ful power is made available. 

It has frequently happened that thousands of horse power 
have been wasted over the dams of one system, the watersheds of 
whose plants happened to have a wet year, and at the same time, 
a nearby hydro-electric plant, supplied by another watershed, 
was without water power. The result has been that one system 
wasted power, while the other was suffering from a power short- 
age which would frequently be made up by burning a large 
amount of high grade coal, in the operation of an auxiliary steam 
plant. This condition has to a large extent been remedied by the 
interconnections to which I refer. 

It has been estimated, and it seems a conservative estimate, 
that through the saving in reserve equipment, improvement in 
load factor, and the diversity of different loads, the useful out- 
put of groups of large systems may through inter-connection be 
increased about 25 per cent. 

Electric regeneration of power, that is the utilization of the 
weight of trains running on a down grade due to the force of 
gravity to generate electricity which is fed back into the electric 
system to help other trains up grade, is an illustration of the 
same important improvement in the system efficiency. 

I have thought it desirable to call your attention to the im- 
provements obtained in system economy or efficiency because of 
the important savings in investment, in coal, in transportation, 
in labor and material, which in the aggregate, have already been 
realized. Itillustrates the wonderful flexibility, value and econ- 
omy of a general system transmitting energy by electricity, com- 
pared with any other possible method. >» 

These advances have been more rapid during the last year, 
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due to the imperative demands for economy saving and increased 
efficiency imposed by the war. It is a great satisfaction that the 
foundation had all been well prepared during the times of peace. 

The development of our industry has been so rapid that the 
need of intelligent and constructive standardization was realized 
some years ago. The Standards Committee of the Institute, 
formed in 1898, has been of inestimable value to the profession 
and to the industry. The standards adopted have been flexible 
enough to ensure progress and yet to discourage variations which 
were valueless. The standards promulgated by our committee 
have so appealed to the profession and to the industry that they 
have been cheerfully followed, and I am convinced that, as a re- 
sult, the cost of electrical apparatus to the consumer has been 
greatly reduced over a number of years and the quality has not, 
been sacrificed, but has been improved. I consider that the 
money value of the work so done could be p ns y placed 
at many millions of dollars. 

Sixty-cycle systems have shown, during the past few years, a 
more rapid growth than 25-cycle, and it is now estimated that 
60-cycle systems represent about 70 per cent of the total power 
supplied in the country. This 15 undoubtedly due to the lowered 
cost of transformers, generators, induction motors, and similar 
apparatus. The relative growth of 60-cycle as compared with 
25-cycle systems is reflected in steam turbine installations. In 
1910 about 60 per cent of the steam turbine electric energy of the 
country was supplied from 60-cycle units; in 1917, this had risen 
to approximately 75 per cent. 

This is an instance where standardization is desirable and 
economical. It will hasten the time so often predicted, when a 
network of transmission lines, carrying electrical energy, will 
cover the country. These will be fed by super-power stations, 
suitably located with respect to cheap reliable supplies of coal 
for fuel, and water for condensing purposes, and into the same 
network will also be fed energy from the various hydroelectric 
installations. | 

Marked advances have been made during the past year in the 
application of electricity to the electric furnace. It is estimated 
that the number of electric furnaces in the United States has been 
increased about 40 per cent in the past year and that there are 
now in operation over five times the number that existed five 
years ago. The world’s output of steel from electric furnaces 
has now grown to approximately four million tons per annum. 
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Experience has demonstrated that the electric furnaces can 
utilize the cheapest and most inferior raw material to produce 
steel of the most uniform and highest quality, with the greatest 
regularity. "The cost of steel so produced, while reasonable, con- 
sidering its quality, was higher, until recently, than that pro- 
duced by the open-hearth method. It is now possible to pro- 
duce electric steel at substantially the cost of that produced by 
the open-hearth method. This result has been brought about 
partly by the increased cost of the open-hearth method, due to a 
variety of well known causes, but largely by a reduction in the 
cost of electric furnace operation. The marked change which has 
taken place in the reduction of the cost of operating electric 
furnaces is based upon greatly increasing the rate at which 
energy is delivered to the metal, both during the melting and 
the refining period. This has reduced the time required for an 
individual heat and also the kilowatt hours required per ton of 
metal melted, with a net result of increasing the daily output 
of the furnace. 

As a concrete example, I mention the history of a five-ton fur- 
nace. It was originally supplied with 800 kv-a. at 80 volts. 
This was increased to 2000 kv-a. at 150 volts for the melting 
period and about 1400 kv-a. at 100 volts for the refining 
period. The time for the heat was reduced from six to three 
hours, power consumption was reduced from 877 kw-hr. to 588 
kw-hr. per ton, and the number of heats per 24 hours was in- 
creased from three to five, increasing the net output from 15 to 
25 tons. 

Electric resistance furnaces of large sizes, for special heat treat- 
ment requiring unusual exactness, are being extensively used, 
producing results greatly superior to oil or gas fire furnaces. 

Electric welding, both by the arc and incandescent method, is 
being rapidly extended and is destined to greater development 
in ship-building and similar operations. 

Electric engineers have been devoting much time to the solu- 
tion of many war problems. 1% is not desirable or possible to 
review such work at present, but when the veil is lifted, we will all 
be gratified with the result. We must content ourselves with 
the mere statement that this work has covered means for the de- 
tection of the pirate submarine; wireless signalling and tele- 
phoning for army and navy, and aircraft devices; searchlights 
of novel design and great power; improved methods in manu- 
facture of ammunition and ordnance; electro-chemical work of 
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every description; electric welding; X-ray sets of greater sim- 
plicity and, accuracy; and many other lines too numerous even 
to mention. 

Тһе great industrial research laboratories, the educational and 
governmental research departments have all co-operated enthus- 
iastically and effectively, and the members of their staffs have 
labored day and night, without regard to pecuniary reward or 
public applause, sustained entirely by the high purpose of giving 
their best to the service of the country. I hope the time may 
come when the story may be told, so that the world may realize 
the debt which it owes to scientific men and engineers, without 
whose arduous, unselfish and almost inspired work, our cause, 
righteous as it is, would have no chance of a victorious con- 
clusion. 

In my address at (һе opening of the mid-winter convention of 
the Institute, in February, 1918, I called attention to the ad- 
vantages which it seemed to me would follow a more general 
electrification of the steam railroads of the country. I merely 
repeat at the present time that electric locomotives have been 
so improved and simplified that they are competent to haul the 
heaviest train that can be held together with the present train 
construction; to operate at the highest speed permissible by the 
alignment of the road and independent of its grades; and that 
the electric locomotives can meet in the most efficient and ade- 
quate manner the transportation problems confronting the 
country, and offer better results than are now obtained or seem 
possible with steam locomotives. 

There can be no question that railroad electrification is not 
only economical but imperatively needed to improve the present 
standards of steam operation. Our mountain districts are con- 
gested almost entirely by the limitations of the steam railroad 
systems, and the addition of more tracks, under such conditions, 
is not the best solution of the problem. The electrified divisions 
of the steam roads have been free from troubles during the past 
severe winter and I repeat that the coal famine which the country 
suffered last winter could have been largely avoided if the steam 
railroads had been electrified. Moreover, it should not be for- 
gotten that steam locomotives burn about 25 per cent of the 
entire coal mined in the United States and that 12 per cent of 
the entire ton mileage movement of freight and passengers 
carried over our railroad tracks is represented in cars and tenders 
required to haul coal to supply steam for the locomotives. 
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It is а truism, which has been frequently stated, that war 
requires the mobilization of the nation's industries and their 
devotion to essential work. This is especially true in this 
country, as it has been necessary in addition to create substan- 
tially new industries on an enormous scale, such as the production 
of ships, ordnance, ammunition, airplanes, chemicals, etc. То 
operate these industries, it has been necessary to mobilize to 
thle fullest extent our available material and labor, but material 
and labor can only be converted into war work by the application 
of power. This power, in view of its great economy and flexi- 
bility, must be electrical. : | 

While this country was fortunate in having available a mag- 
nificent system of power stations, so great was the magnitude of 
the demand for increased power, created by the war industries, 
that it is estimated that there will be a shortage of at least 
500,000 kw. of electric power in the Eastern district. 

It takes from one to two years to build and equip the large 
units which are essential for the production of such power. 
This illustrates the importance of all of the methods which I 
have mentioned to conserve, utilize and increase the efficiency 
of existing equipment and investment, as such methods can 
produce results in a much shorter time. 

It is, however, vitally important that the great electrical 
power producing companies of this country should be helped in 
every way to meet the heavy demand which is placed upon them. 
It has been demonstrated that the quickest, most efficient, and 
altogether best way to meet the demand for power is through 
the expansion of such existing organizations and installations. 

Fortunately, there is general appreciation of the fact and 
comprehensive schemes are under consideration which will pro- 
vide for the erection of large steam electric power stations in the 
mining regions. Favorable locations exist which are within 
reach by transmission lines of electric power stations now serving 
large industrial areas. By interconnection, present investment 
and machinery will be better utilized and a large amount of 
additional electric power made available, without making any 
increased demand upon our congested railroad facilities. 

It is evident, therefore, that we need to consider and put into 
effect, every practical method for conserving our existing develop- 
ments, and also, we should take a courageous view of the future; 
we should provide, for the future growth at least as liberally as 
has been the custom of the managers of the great public service 
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systems in the past. It has been their custom to build from 
two to three years in advance of existing requirements, in 
anticipation of the future. I have yet to learn of a single import- 
ant instance where such foresight has not been amply justified. 

I would say in conclusion that the saving in fuel, by such 
improvements as I have mentioned in various parts of my 
address, amounts to many millions of tons every year; the 
saving in material and investment represents millions of dollars, 
which manifestly represent service of the highest value to the 
industry and to the country. Such work is just as much the 
province of the electrical engineer as improvements in the design 
and efficiency of the electrical units, and requires the same 
scientific ability, vision and industry. 

While I admit to considerable prejudice in favor of things 
electrical, I think that in no other field of engineering has there 
been such a remarkable improvement and a condition which so 
nearly approaches, in the matter of efficiency, to 100 per cent, 
as has been shown in the field of electricity. This phenomenal 
record is not the result of accident. It has been due to the 
enthusiastic devotion of the scientist and engineer and execu- 
tives to their work. They have not been satisfied with things 
as they are, or with mediocrity. They have wanted the best; 
have not been contented with a 75 per cent to 80 per cent 
efficiency when something better was obtainable. "The causes of 
inefficiency have been scientifically attacked; the losses have 
been studied and their causes discovered and removed. 

Concurrently with the improvements in the efficiency of con- 
version, the engineer has studied ways and means to reduce the 
amount of material and the amount of labor required to produce 
a given effect, and has been equally successful in increasing the 
effective use of material and labor, and as a result, until inter- 
rupted by the war, the cost of electrical machinery and devices 
of every description has shown a progressive reduction, not only 
without sacrifice of quality, but with great improvement in 
quality. This truly marvelous work, we can safely affirm, is the 
foundation of the phenomenal growth, prosperity and present 
commanding position of the electrical industry, which is a monu- 
ment to the broad vision, intellectual honesty, faithful work and 
the correct economic viewpoint of the electrical engineer and his 
co-workers. 
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A DIRECT-CURRENT GENERATOR FOR CONSTANT 
POTENTIAL AT VARIABLE SPEED 


BY S. R. BERGMAN 


ABSTRACT OF PAPER 


The standing of this problem in the past is briefly reviewed. 
As far as is known to the author the type of machine described 
presents a new solution, the advantages of which are shown to be: 

The machine is self-excited, 4. e., regulates independent of 
any other source of potential. 

2. The machine regulates independent of speed and load and 
may be compounded. 

‚ 3. a regulation is inherent, $.е., no external regulating device 
is used. | 

4. Тһе regulation is instantaneous. 

_ 9. The regulation is approximately independent of the heat- 
ing. 
The theory of the machine is described and diagrams of connec- 
tions given. Performance curves obtained from tests are shown. 

А method is described whereby instantaneous regulation of the 
voltage is obtained, which method also secures approximately a 
constant voltage independent of the heating. 

Finally there follows a discussion of the efficiency of the new 
machine as compared with a standard machine of the same speed 
and output. 


PROBLEM in direct-current engineering, especially met with 

in traction, is that of producing constant voltage at var- 

iable speed. Train lighting from axle-driven generators is one 
of its oldest applications. The transformation from a variable 
to a constant voltage can be accomplished by revolving ma- 
chinery provided that the principle of producing constant poten- 
tial, independent of the speed, is known. Of late years this 
problem has received new impetus with the introduction of elec- 
tric starting and lighting of automobiles and a great number of 
solutions have been offered, most of them depending upon the 
presence of a storage battery which greatly simplifies the con- 
ditions, since the steadying influence of the battery results in a 
source of nearly constant potential from which a constant excita- 
tion may be drawn. The regulation in the great majority of such 
charging sets depends upon the load current and is spoiled if the 
load is disconnected; т. e., if the battery is not in the circuit 
the generator voltage varies greatly with the speed. Other | 
systems exist employing automatic shunt regulators either oper- 
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ated magnetically or depending on combinations containing 
resistors with negative temperature coefficients. 

In railway and automobile applications it is desirable to avoid 
all automatic apparatus if possible and it occurred to the writer 
some years ago that it would be possible to produce a generator 
which would regulate on constant potential independent of the 
speed and load, due to inherent properties of the windings, that 
is, without the use of any kind of regulator. The conditions to 
be fulfilled appear as follows: и 

1. The machine should be self-excited, 2. e.. should regulate 
independent of any other source of potential. 
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2. The machine should regulate independent of the load and 
should possess the properties of compounding. 

3. Theregulation should be inherent. 

4. The regulation should be instantaneous, t.e., no over- or 
under-shooting of voltage should occur at sudden speed varia- 
tions. 

5. The regulation should be independent of the heating, 4. e., 
same potential generated when machine is cold as when hot. 

A number of machines fulfilling the above conditions have 
been built and are now in successful service. In the following 
. pages the principle of operation will be described and illustrated 
by characteristic curves obtained from tests. 
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Fig. 1 illustrates, diagramatically, the principle of the madhine. 
The armature is series wound and the field contains twice as 
many poles as the number of poles for which the armature is 
wound. In the case illustrated, the armature is wound for two 
poles and the field contains four poles, symmetrically located. 
The load is taken from the brushes А and C and in addition to 
these load brushes there exists a third brush B, placed 90 electri- 
cal degrees from the load brushes. The field may be considered 
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to consist of two independent magnetic circuits, one of these 
circuits Fl is saturated and the corresponding flux фи, will be 
called the main flux of the machine. The second magnetic 
circuit F2 is not saturated and the corresponding flux фә will be 
called the cross flux. The flux Фф, generates, between the brushes 
A and B, an e. m. f. which will be called the main voltage of the 
machine. The flux $, does not generate any e.m.f. between the 
brushes B and C. Similarly the flux фә generates, between the. 
brushes B and C, an e.m.f., whigh will be called’the cross voltage. 
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This flux does noc generate anye.m.f. between the brushes A and 
B. The excitation of the machine 1s taken from the brushes 
A and B for which reason the brush B will be called the exciting 
brush. The excitation consists, as shown, of two multiple 
branches, one branch exciting the main poles and the second 
branch exciting the cross poles. The two fluxes ó, and ф; are 
entirely independent of each other, which may be verified by 
separately exciting the machine, and tests show that if the main 
excitation is varied only the main voltage is affected, the 
cross voltage remaining constant; and if the cross excitation 
is varied only the cross voltage is affected, the main voltage re- 
maining constant. 
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The directions of the main and the cross fluxes are such that 
the difference between these fluxes is interlinked, with the line 
brushes A and C, as shown in the figure, and thus the line voltage 
AC is the difference between the main voltage АВ and the cross 
voltage BC. Hence, the voltage АС = AB — BC. Since the 
main circuit is saturated the flux ó, remains constant and the 
main voltage 4B is proportional to the speed. Therefore, the 
excitation of both the main and the cross fields is proportional to 
thespeed. The cross circuit not being saturated the cross flux Фф; 
will increase in proportion to the speed and, hence, the cross 
voltage BC must increase with the square of the speed. As will 
be shown by saturation curves the cross circuit should not be 
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entirely unsaturated since then the cross voltage would increase 
too fast and the machine voltage would decrease with increasing 
speed. The cross flux should approach saturation and it is 
possible to choose the saturation of the cross magnetic circuit, 
so that the line voltage А C remains constant. In Fig. 2 is 
shown the variation of the different voltages with the speed. 
Since the excitation is taken from the brushes A and B the 
variation of the exciting ampere-turns follows the main voltage 
A B and may, therefore, in proper scale, be read from the curve 
А B. From these curves may be determined the amount of 
flux in each magnetic circuit for any given excitation and in 
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Fig. 3 are plotted the two fluxes against the excitation. These 
saturation curves show that over the working range the main 
magnetic circuit is nearly saturated and the cross magnetic 
circuit at first is unsaturated but from a certain point, where the 
curve bends, this circuit starts to approach saturation. 

Since the line current is taken from the brushes A and C, Fig. 1, 
there exists an armature reaction О R їп the direction of A C. 
This armature reaction may be resolved in two components, one 
О D in the direction of the main flux and the other O E in the 


direction of the cross flux. The main magnetic circuit being | 


saturated,[the additional excitation, due to the armature. re- 
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action, cannot add anything to the main flux. The component 
O E in the direction of the cross flux will, however, interfere 
with this flux and would disturb the regulation of the machine 
and in order to overcome this influence a series winding is added 
to the cross poles. This winding should have an equal and 
opposite strength to the armature reaction working in this 
direction, and will be called the compensating winding. The 
location of this winding is shown in Fig. 4. It will be easily 
understood that by changing the strength of the compensating 
winding it is possible to obtain either rising or falling machine 
voltage with increasing load. By over-compensation the voltage 
will rise with the load and with under-compensation it will fall. 
Obviously the strength of the compensating winding can be made 
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to compensate for the J R drop resulting in a flat compounded 
generator. 

If a generator of the type under consideration is coupled to a 
motor such a motor-generator is capable of transforming from a 
variable voltage to a constant voltage. Fig. 5 shows the per- 
formance from test of a motor-generator, the motor voltage 
varying from 400 to 630 and the generator voltage being main- 
tained constant at 32 volts. As will be seen from Fig. 5 the 
generator voltage rises slightly with the load showing that the 
machine 1s over-compounded. 

If the motor of a motor-generator of this type is thrown 
directly on the line а voltmeter connected to the generator 
shows that the voltage, due to sudden acceleration, exceeds the 
rated voltage. The amount of this over-shooting of the voltage 
depends upon the relative values of the time constants of the 
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two multiple exciting circuits. For example; assuming that 
the rate of increase of the exciting current is nearly the same in 
both circuits then the flux in the unsaturated circuit will appear 
ata later time than in thesaturated circuit. Consequently the 
negative voltage will not develop fast enough, resulting in the 
phenomenon which may be called over-shooting of the voltage. 
It is possible, however, to speed up the rate at which the cross 
magnetizing current increases by insertion of resistance in this 
circuit. The complete diagram of connections is shown in Fig. 6 
in which the permanent resistance is designated as R. Tests 
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have demonstrated that if this resistance is properly chosen it 
is possible to entirely eliminate over-shooting of the voltage. In 
this figure has also been added commutating poles to assure per- 
fect commutation. 

The resistance R also serves another purpose, namely, to keep 
the regulation of the machine approximately the same when the 
generator is cold as when hot. Assuming for the moment that 
the generator was built in accordance with Fig. 4, without any 
resistanoe in the cross circuit, it is obvious that when the genera- 
tor is cold the current in both exciting circuits will be larger than 
when hot. The main flux will not be influenced by this increased 
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excitation, since saturation exists. On the other hand, the in- 
creased exciting current of the cross circuit will cause an in- 
crease in the cross flux resulting in an increase of the cross-volt- 
age. Since this voltage is negative it follows that when the 
machine is cold the line voltage will be too low. By inserting a 
resistance of zero temperature coefficient the variation of the tests 
cross excitation is limited and test show that if the resistance 
К is approximately 14 or more of the resistance of the cross ex- 
citing circuit, the change of excitation, due to heating, will be 
limited to such an extent that the variation of voltage is less 
than 5 per cent, corresponding to a temperature range of 100 
deg. cent. 

As has already been explained this generator is in reality a 
combination of two independent generators, one bucking the 
other, which leads to the conclusion that the machine must be- 
come somewhat larger in size and weight than a standard ma- 
chine of same speed and output. On the other hand, there are 
several other conditions which tend to make this machine more 
economical than the standard. When the speed increases all 
flux densities and hence the stability increases. In a machine 
of standard make in which the shunt excitation is regulated in 
order to maintain constant voltage, the flux densities and hence 
the stability decreases with increasing speed. Therefore, a 
standard machine requires much larger gaps than this new ma- 
chine and furthermore, the armature reaction in the standard 
type must be chosen with due consideration to the speed range. 
In order to give an approximate idea of the size and weight of 
this new type of generator, as compared with a standard type 
of machine, it may be stated that by a sacrifice in the efficiency 
of approximately 10 per cent, the new machine will have the 
same weight as a standard type of same rating. 

As has already been pointed out this new type of constant 
potential generator shows some distinct advantages over a stand- 
ard generator with automatic voltage control. Where reliability 
of service is concerned this new type is superior since there does 
not exist automatic devices of any kind for maintaining the 
regulation. The new machine has also the advantage of being 
instantaneous in action even at violent.and large speed varia- 
tions. Therefore, it is thought that this new machine will create 
a field of its own and satisfy a long felt need in certain applica- 
tions of the electrical industry. 


Presented at a Section Meeting of the American 
Institute of Electrical Engineers, Philadelphia, 
Pa., April 8, 1918. 
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. INDUCTIVE EFFECTS OF ALTERNATING CURRENT 
RAILROADS ON COMMUNICATION CIRCUITS 


BY H. S. WARREN 


ABSTRACT OF PAPER 


_A brief discussion of inductive interference in general is first 
given, including reference to the work of the Joint Committee on 
Inductive Interference in California. Inductive interference 
due to electrified railroads is then taken up and various possible 
means for reducing such interference considered. А description 
is given of four important installations of railroad electrification 
and the specific means adopted in each case for preventing inter- 
ference, with the degree of success which has been met with. 


INTRODUCTION 


LEPHONE and telegraph companies in the conduct of 

their business not only have to maintain their lines and 
service against ordinary forms of interruption, such as lightning 
disturbances, mechanical failures, etc., to which all overhead 
electrical lines are inherently subject, but also, they have to see 
to it that their lines are protected against interference by elec- 
tric power lines. Such interference may be due to actual or 
threatened physical contact between wires of the two systems, 
to passage of current from one system to the other by leakage, 
or to the class of disturbances known as “inductive.” 

One important kind of inductive disturbances on telephone 
and telegraph lines is that arising from installations of alter- 
nating current railroad electrification, such installations being 
principally employed in connection with trunk line railroads 
carrying heavy traffic. 

In approaching the subject of interference to communication 
systems by such electrified railroads, it seems desirable first to 
consider some aspects ^f the general subject of inductive inter- 
ference from power lines, of which interference from electrified 
railroads is a special case. In this general discussion of the sub- 
ject it will be convenient to borrow freely from the work of the 
Joint Committee on Inductive Interference in California. 
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HISTORICAL 


The induction of voltages in an electric circuit by current 
changes in a parallel circuit was discovered by Faraday in 1831. 
The property of self induction of an electric circuit was discovered 
by Joseph Henry at about the same time. The phenomenon of 
induced electrostatic charges was known already through var- 
ious experiments. In 1888 Henry, in the course of his researches, 
observed that a current was induced in an electric circuit when 
a Leyden jar was discharged through a parallel circuit. This 
seems to be the first case on record of electric induction between 
circuits. 

Since the time of Faraday and Henry a stupendous amount 
of electrical research and experimentation has been conducted 
and as a result of this and of brilliant theoretical work by Maxwell 
and others, the fundamental laws of electrostatics and electro- 
dynamics has been very fully worked out. The general equa- 
tions expressing the laws of induction are, however, not suitable 
for us in the solution of practical problems. On account of the 
large number of factors involved, many of which cannot read- 
ily be evaluated, it is generally necessary in specific cases to 
resort to simplifying assumptions and approximations. 

As to what actually happens when a voltage is set up in an 
electric circuit by induction we know very little. It is well to 
bear in mind that we do not even know what voltage really is, 
or current, or electricity. We use these terms merely to express 
certain phenomena and relations found by observation, whereby 
we are able to derive results of much practical value. 

Characteristics Affecting Disturbances. Telephonic currents 
consist of numerous component simple currents varying in fre- 
quency from about 200 to 4000 or more periods per second. The 
signaling currents employed on telegraph lines are also complex, 
but their most important components are of less than 300 
periods per second. 

Power circuits are commonly of either 25 or 60 periods per 
second but, in addition to the fundamental periodicity, harmon- 
ics are usually present to a greater or less extent and it is due 
almost wholly to the harmonics which come within the range of 
the most important voice wave components, that noise is pro- 
duced in telephone circuits by induction. By care in designing 
electric power machinery so as to reduce the proportion of such 
harmonics, it is probably feasible to avoid much of the noise 
disturbance to telephone circuits which otherwise would result. 
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Thus a small expense in eliminating this trouble at its source 
may obviate a much larger expense later. 

Abnormal Conditions. It is important to recognize that the 
inductive effects of power circuits are liable to be greatly magni- 
fied at times of abnormal conditions. The violent changes which 
occur in the electric and magnetic fields surrounding a power 
circuit, when one of its conductors breaks or becomes grounded, 
set up in neighboring communication circuits surges which may 
represent relatively large amounts of power. A parallel which, 
under normal operating conditions, causes no disturbance may 
produce very serious interference under abnormal conditions. 

Balanced and Residual Voltages and Currents. In analyzing 
inductive phenomena it is advantageous to classify power cir- 
cuit voltages and currents under two general heads: (1) Bal- 
anced voltages and currents, that is, those which are balanced 
or symmetrical with reference to the earth; (2) residual voltages 
and currents, that is, those which are wholly unbalanced with 
reference to the earth. The circuit of the residual voltages and 
currents 1s comprised of the metallic circuit conductors as a 
group, constituting one side, and the earth (including earthed 
conductors), constituting the other side. 

At every instant the algebraic sum of the balanced currents, 
and likewise of the balanced voltages, is zero. Hence, at any 
instant the algebraic sum of the currents in the line conductors 
is the residual current and, similarly, the algebraic sum of the 
voltages to earth of the line conductors is the residual voltage. 
For example, in an ordinary railway circuit, consisting of over- 
head trolley wire and grounded rail return, all the voltage and 
current are residual. 

There is no definite relation between these two classes of volt- 
ages and currents and entirely different means usually have to 
be taken in counteracting their respective induction effects. In 
general, the residuals cause more inductive disturbance than 
the balanced components as the residuals are all in phase and 
their effects are cumulative whereas the induction from the 
balanced voltages and currents in one conductor is partially 
neutralized by the induction from balanced components in each 
other conductor of the circuit. Also the residuals usually con- 
tain a larger proportion of harmonics than the balanced com- 
ponents and this is another reason why they are likely to cause 
more disturbance, particularly to telephone circuits. 

Causes and Preventive Measures for Residuals. As residual 
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voltages and currents are largely responsible for inductive inter- 
ference, it is of great importance in the prevention of such 
interference that they be suppressed or reduced by all reason- 
able means available. 

Star-connected, three-phase transformer banks with the neu- 
tral grounded will set up triple harmonic residuals due to varia- 
tion of permeability of the iron with varying magnetic density 
and may also cause residuals by reason of inequalities of the 
transformer impedances. In general, the most effective measure 
against this triple harmonic effect is the use of a delta-connected 
secondary or tertiary winding, thus providing a shunt path for 
the triple harmonic currents. The magnetic density also should 
be kept as low as practicable. Residuals due to inequalities of 
impedances in transformer banks can, of course, be eliminated 
by equalizing these impedances. 

Another condition which may produce large residuals is the 
use of generators with star-connected armature windings. When 
such a generator with its neutral grounded is connected to a 
power line, either directly or by autotransformers, residuals are 
set up in the line. When such a genera tor, with its neutral not 
grounded, is connected to the line through standard transformers, 
residuals will be impressed on the line if the transformer bank is 
connected star-star, the line side neutral grounded, and the sta- 
tion side neutral connected to the generator neutral. 

Grounding of transformer or generator windings at any points 
not normally at zero potential, unbalances an electrically con- 
nected circuit and thereby causes residual voltages and currents. 

Another important cause of residuals, which however may 
not be so obvious, is the unbalance of a power circuit due to 
inquality of the capacitances to ground of its several conductors. 
If the three line conductors of a three-phase circuit are carried 
throughout in the same relative positions, that is, if the circuit 
is not transposed, the capacitances to ground will be unequal 
and a part of what would otherwise be balanced voltage and 
current becomes residual. These inequalities may be overcome 
by transposing the power circuits throughout their entire length. 
To make such transposition effective with respect to interference 
to telephone circuits it is necessary that the power circuits be 
transposed at intervals which are short in comparison with the 
wave lengths of the higher harmonics present. The frequency 
of transpositions depends somewhat, however, on the inherent 
unbalance of the conductor configuration. As an indication of 
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the number of transpositions required for a reasonable degree 
of balance to ground, it may be said that barrels of 6 to 12 miles, 
the latter applying to a triangular configuration, are usually 
adequate. 

It is evident that the symmetry of a line which has been 
thoroughly transposed may be destroyed by connecting to it 
branches or taps which unbalance the capacitances to earth of 
the line conductors. Of course, if such a tap is grounded, the 
residuals resulting may be very large. 

At times of accident, when a power circuit is in an abnormal 
condition, residuals of relatively enormous values are liable to 
be created. These set up correspondingly large induced voltages 
in parallel communication circuits. This emphasizes the import- 
ance of high grade construction and maintenance of power lines 
involved in parallels so as to minimize the frequency of such 
occurrences. 

Unbalance of Communication Circuits. Not only are there 
these two kinds of disturbing voltages and currents on power 
circuits, namely, balanced and residual, but each of these com- 
ponents may set up, in a neighboring metallic communication 
circuit, two different effects; (1) an induced voltage between 
the two conductors of the communication circuit, which directly 
tends to cause currents through the signaling instruments; (2) 
an induced voltage between the conductors of the communica- 
tion circuit and ground, which by reason of unbalances in the 
communication circuit indirectly causes currents through the 
signaling instruments. Theoretically, assuming a telephone cir- 
cuit and all its connected apparatus absolutely symmetrical, 
electrically, with respect to earth and always so maintained, 
voltages induced equally in the two sides of such a circuit would 
not cause noise in the telephone. In practise it is not possible 
to attain absolute symmetry although in well constructed and 
well maintained telephone circuits the degree of balance is very 
high indeed. The telephone is, however, such a very sensitive 
instrument that no attainable degree of balanfe can avoid noise 
when relatively very high voltages are induced between the tele- 
phone wires and ground, as is done in many cases by parallel 
power circuits. It is therefore essential that induced voltages 
to ground be limited to values which are permissible on commun- 
ication circuits so maintained. 

Transpositions Within Parallels. Interference by induction 
from balanced currents and voltages can most readily be pre- 
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vented by means of a coordinated system of transpositions ap- 
plied to both power and communication circuits within the limits 
of parallels, the term “parallel” being understood to mean the 
region within which the two classes of line are in sufficiently 
close proximity for inductive disturbances to be set up in the 
communication circuits by the power circuits. It is to be noted 
that transpositions for this purpose to be applied to power cir- 
cuits within the limits of parallels, are quite distinct from the 
transpositians previously referred to as being necessary through- 
out the entire length of a power cirtuit in order to equalize the 
capacitances to ground of the several conductors. 


Principal Factors їп Determining Interference. Before leaving 
this general part of the subject I will ertumerate the principal 
factors which determine the amount of induction and whether 
it is sufficient to constitute interference. 


1. The length of the parallel. 
Other things being equal, the longer the parallel, the greater 
the induced voltage. 


2. The separation of the two classes of lines. 

In general, other things being equal, the less the separation 
of the power line and communication line, the greater the induced 
voltage. 


3. Configuration of the power line. 

The investigations of the Joint Committee on Inductive 
Interference show that the configuration of the power line has 
an important bearing on inductive effects, the relative merits 
of different configurations varying with the separation of the 
power and communication lines, the spacing of the power con- 
ductors, and the relative importance of balanced voltages and 
currents. While it is not possible to draw a simple general rule 
for determining the most advantageous configuration the dif- 
ferences in particular cases are marked and deserve special at- 
tention as oftentimes substantial benefit can be secured in this 
way at small additional cost. This is particularly true of mul- 
tiple circuit lines, the resultant induction depending largely on 
the relative poling of the power circuits. 

4. The magnitudes and fundamental frequency of the normal 
operating voltages and currents of the power circutts. 

The effect of electric induction, of course, is proportional 
to the voltage of the power line, and of magnetic induction to 
the current on the power circuit. 
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9. The magnitudes of residual voltages and currents. 

It has already been explained that residual voltages and 
currents are a principal cause of inductive interference. Hence, 
while the amount of residuals on metallic circuits is usually 
small as compared to the balanced components, the inductive 
effects of the former are liable to preponderate. 

6. The wave shapes of both balanced and residual voltages and 
currents, involving the magnitudes and frequencies of all harmonics. 

The effect of wave shape on interference, to telephone circuits 
particularly, is exceedingly important. Wave shapes in practise 
on different power systems are found to have extremely wide 
variations. An unfavorable wave shape, t.e., one having a 
large proportion of high harmonics, may produce a hundred 
times as much noise as a pure sinusoidal wave of fundamental 
frequency. 

7. Тһе unbalances of the communication circuits, their magni- 
tude, character and location. 

Such unbalances are caused by inequalities in resistance, 
inductance, insulation or capacitance to ground. The last men- 
tioned quantity is balanced approximately by transposing the 
conductors. The other elements enumerated require proper 
design, construction and maintenance of these lines, whether 
in open wire or in cable, together with their connected apparatus. 

8. Terminal apparatus of the communication circuits and the 
distance of such apparatus from the parallel. 

The sensitiveness of the terminal apparatus is, of course, an 
important factor in determining the allowable amount of in- 
duced voltage. Also if the parallel is at a considerable distance 
from either terminal of the communication circuit, the induced 
voltages and currents may become considerably attenuated 
before reaching the receiving instruments. 

9. The voltages and currents of the power circuits under ab- 
normal conditions. 

It has already been stated that the voltages and currents 
of power circuits under abnormal conditions, which are liable 
to be largely residual in character, produce the most severe in- 
ductive effects. The values of these quantities under abnormal 
conditions, in relation to corresponding values under normal 
conditions, vary a great deal on different power systems. 

10. The number of parallels which may effect cumulatively 
the same communication circuit. 

In many cases the same communication circuit, especially if 
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it be on a long trunk line, may be involved in a considerable 
number of different parallels. In such cases the induction con- 
tributed by each parallel must be sufficiently restricted so that 
the cumulative results from all will not produce disturbances 
which cannot be endured. | 

11. The importance and character of use of the communication 
circuit. 

It is obvious that the more important circuits, on which 
interference is most serious, should be afforded a higher degree 
of immunity from disturbance than circuits of less importance. 
Also, of course, the character of the communication circuit as, 
for example, whether it is a telephone or telegraph circuit, is of 
fundamental importance in considering the question of inductive 
interference. 

12. The volume of transmission on the communication circuit. 

In case of a long distance telephone circuit, where the vol- 
ume of transmission is small, a less amount of extraneously 
induced current will interfere with receiving than on circuits of 
less length where there is a large volume of transmission. 

13. The relative cost of preventing interference. 

While in all cases means should be employed which will 
allow adequate communication service to be given, still it is not 
expected that complete freedom from inductive disturbances 
can be attained. Any induced voltage, no matter how small, 
will generally cause some impairment of service. The amount 
of induced voltage which it is justifiable to allow, depends to 
some extent on the difficulty and expense involved in further 
reducing such voltage. After the foreign voltage has been re- 
duced to an amount which can, if necessary, be tolerated, it 
becomes simply a problem of balancing the value of further 
improvement against its cost. 

It will be seen that the number of elements affecting inductive 
interference is quite large. Moreover, some of these elements, 
as for example, the wave shapes of the power circuit voltages 
and currents, are not ordinarily known, and have induction- 
producing values varying enormously in different cases. Hence 
the difficulty of formulating any simple method of determining 
in advance whether a given construction will or will not 
produce interference. 

The foregoing discussion, while general in its application, is 
in many respects concerned with induction from power trans- 
mission lines. We will next consider specifically some of the 
inductive effects of alternating current railroad installations. 
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ALTERNATING-CURRENT RAILROAD ELECTRIFICATION 


The reasons why alternating-current railroad electrifications 
cause large disturbances to neighboring communication lines, 
principally by electromagnetic induction, will now, I think, be 
apparent when it is considered that, (1) the railroad trolley 
current is large, (2) it is all residual current, (3) the rail- 
road circuit, from its nature and use, is more subject to ab- 
normal conditions, such as short circuits, than ordinary power 
transmission lines. 

Classes of Interference. Some of the different ways in which 
disturbances due to alternating current electrified railroads man- 
ifest themselves in the telephone and telegraph plant, may be 
classified as follows: 


l. Interference with operation. 

a. Interruption of service 

b. False bell ringing 

c. Noise 

d. Interference with telegraph signals f 
2. Physical injury to plant. 

a. Fire hazard 

b. MÉgnetization of loading coils 


3. Hazard to employees and to telephone using public. 
a. Electric shock 
b. Acoustic shock 

These various disturbances may be of a most serious nature 
and telephone and telegraph companies are unable by them- 
selves to cope with the problem of protecting their lines and ser- 
vice against them. In order to make this more clear, we will 
review briefly some of the fundamental characteristics of tele- 
phone service and point out some of the distinctive features of 
the plant required to make this service possible. 

The Telephone System. The fundamental electrical problem 
of telephony is three-fold: 

1. The production of an electrical wave which is a faithful 
copy of the spoken word. 

2. The transfer of this wave without appreciable delay over 
distances which may amount to hundreds or thousands of miles, 
without excessive change of form by distortion, without the 
accession of foreign disturbances, and without undue loss of 
intensity. 

3. The production at the receiver of an audible sound wave 
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which is an adequate counterpart of the electrical wave and, 
therefore, of the original spoken word. 

As speech is carried on telephonically by means of an extremely 
small amount af energy, it is necessary that a large part of 
the telephone plant be of a sensitive and delicate construction. 
This includes the subscribers' sets where occur the delicate 
transformations from air wave to electrical wave and vice versa. 

These substation instruments cannot be located at central 
offices where they would be under the immediate supervision of 
a trained staff but they must be placed in the subscriber's offioe, 
factory, home or wherever they will be most available and con- 
venient for his instant use. There are now over ten million 
telephone stations in the Bell System. These sensitive nerve 
ends of the telephone system are distributed throughout the 
entire country in every conceivable variety of location. 

In addition to the delicate substation apparatus, each tele- 
phone conversation requires the exclusive use of a connecting 
circuit. Even though the circuit be hundreds of miles in length 
it Cannot be used for any other telephonic purpose. This ex- 
clusive circuit must be low in resistance, capacity and leakage 
so as not unduly to attenuate the telephone wave. It must be 
so transposed, balanced and protected that so far à possible 
it will not pick up electrical disturbances from earth currents 
telegraph lines or other telephone circuits or itself constitute 
a source of disturbance to thelatter. Thenetwork of telephone 
circuits now comprises more than twenty-two million miles of 
wires. 

In addition to meeting the above basic requirements, the 
telephone system, in order to realize its potentialities as a utility 
of the greatest benefit to the public, must include facilities such 
that at any time on request of a subscriber connections can be 
made between any two points, without delay or other incon- 
venience, and the charges for the service must be as low as pos- 
sible. At present about thirty-two million such telephone con- 
nections are made per day in the Bell System. 

Prompt, efficient and economical service on the existing scale 
requires that an immense number of separate circuits be brought 
together into common central offices and provided with every 
device and attendance which will facilitate traffic over the sys- 
tem. Itrequires, for example, that hundreds of wires be crowded 
into cables, the latest ty pes of which have 2400 conductors with- 
in a sheath whose outside diameter is 2 5% inches. It requires 
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great congestion of wires and apparatus in switchboards in 
order that many thousands of lines may be brought within 
reach of a single operator. It requires elaborate and reliable 
signaling arrangements to economize time and circuits. It re- 
quires uniformity in plant and methods throughout the entire 
system so as to make possible prompt connection between any 
two points. While it has been found practicable to devise means 
for transmitting the required signaling currents over the tele- 
phone plant safely, the danger of fires from the currents and 
voltages employed for signaling has been avoided only by the 
exercise of extreme care, although these currents and voltages 
are very small compared with the currents and voltages on power 


lines. 
From this brief consideration of the telephone problem, show- 


ing that a large portion of the telephone system is inherently 
of a delicate nature and susceptible to interference, it is clear 
that telephone apparatus and circuits would be destroyed if 
but a small fraction of the powerful currents and voltages used 
by other electric utilities were permitted to enter into the tele- 
phone system. 

Values of Induced Voltage. In studying the inductive effects 
of electrified railroads, it has been found advisable to determine 
approximately the amount of induced voltage in a communica- 
tion circuit, per mile, per 100 amperes in the trolley, for different 
horizontal separations between the trolley and the communica- 
tion circuit, and with different percentages of the trolley current 
in the rails. For example, it has been determined that, with 60 
per cent. rail current (that is, 40 per cent of the trolley current 
return flowing in the earth asstray current,) the induced voltages 
per mile, per 100 amperes in the trolley, are in general about 
10 volts, 5 volts and 1 volt, at 50 feet, 300 feet and 4000 feet 
separation respectively. Thus at 50 feet separation, with 1000 
amperes in the trolley, a ten mile exposure would result in 1000 
volts induced. These are maximum figures in that they are 
based on the assumption that power is supplied in one direction 
only. It should be understood that the induction varies con- 
siderably in different cases since the induced voltages are affected 
by all the various conditions which go to determine the course 
that the stray current takes. Some parallelisms may extend 
more than ten miles and at times of short-circuit the current 
may amount to many thousands of amperes, and, in such cases, 
the induction is liable to be correspondingly more severe unless 
preventive measures are taken. 
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` The specific effects of these induced voltages will now be touched 
u pon briefly. 

Interruption of Service. Induced voltages may be high enough 
to operate the telephone protective devices and, if the current 
across the protector is sufficient, the line will become permanently 
grounded and the telephone service interrupted until the 
protector is restored to normal condition. If the protector is 
located in a central office, the time required to make repairs is 
relatively short, but if it is at a subscriber's premises, consider- 
able time may be required for a repair man to reach the station. 
In cases where the operation of the protector does not actually 
ground the line, it may lower the insulation resistance, sufficiently 
to make the line noisy. 

It may also sometimes happen that foreign voltage of a value 
below that required to break down the protector spark gap will 
yet be sufficient to puncture the insulation of the wiring at 
some point. 

False Bell Ringing. Voltages of about 8, 20 and 200 volts, 
depending somewhat on the prevailing earth potentials, are 
sufficient to ring ordinary grounded bells, standard biased bells, 
and (by breaking down protector spark gaps) metallic circuit 
bells, respectively. 

An accidental trolley ground on a 25-cycle single-phase electri- 
fication through a thickly settled community may ring scores 
or even hundreds of subscribers' bells, some of which may be . 
located a mile or more from the railroad. Such false bell ringing 
is apt to be a source of serious complaint by subscribers, and 
is particularly annoying when it occurs at an unseasonable 
hour as, for example, 5 o'clock in the morning. 

Noise. In order to appreciate the effect of small currents in 
producing. noise in telephone circuits, it must be considered that 
a very small fraction of a microwatt of power at voice current 
frequencies will produce an audible sound in a telephone re- 
ceiver and a few microwatts are sufficient for a telephone con- 
versation in a quiet place. When the current in the telephone 
receiver caused by induction from outside circuits is large 
enough to produce an audible sound, it has an important effect 
on the efficiency of the circuit for transmitting speech, par- 
ticularly when the circuit 15 used for talking over long con- 
nections so that the energy of the voice currents approaches 
the minimum which will give a satisfactory conversation. Ап 
extraneous sound which is scarcely more than audible to an 
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untrained ear and might be thought to be of negligible con- 
sequence, has in reality, the effect of impairing a telephone 
circuit by a large percentage, or otherwise expressed, of de. 
stroying a material part of the circuit's value for service purposes, 

The interfering effect of foreign current of a given magnitude 
depends very greatly, however, upon the frequency. The max- 
imum effect is for current having a frequency of about 1100 
cycles per second. At lower frequencies the effect falls off rapidly, 
and at 25 cycles is probably only about one two-thousandth as 
great as at 1100 cycles. This fact explains why the inductive 
interference to telephone circuits from 25-cycle railway systems 
is not predominantly noise. Twenty-five-cycle current norm- 
ally has refatively very small components in the telephone- 
frequency range and the effect of these high-frequency com- 
ponents is damped out much more rapidly than that of the 
fundamental by separation of telephone and railroad circuits. 
Noise from such railways is, however, present to some extent, 
and is liable to become serious under any conditions which 
produce a bad wave shape in the power circuit. 

Interference with Telegraph Signals. At 25 cycles, an induced 
current of one milliampere is liable, under some conditions, to 
interfere with ordinary Morse transmission, while rapid tele- 
graph systems, printers, etc., are more or less impaired by ex- 
traneous currents of any value. 

Fire Hazard. The use of heavy insulating coverings for 
wires in telephone switchboards is impossible on account of the 
necessity of bringing many lines within a limited space. It is 
not feasible to employ for this purpose such insulation as is con- 
sidered good practise for electric light and power wires. Thus it 
is unavoidable that the dielectric strength of the telephone 
wiring be relatively low. 

Investigations of the fire hazard due to foreign voltages im- 
pressed on telephone lines indicate that voltages of 200, or even 
less when backed by considerable power as in the case of induced 
voltages from alternating-current railwavs, create a distinct 
fire hazard. 

Although the fire hazard brought about by railroad electri- 
fication is due chiefly to the higher voltages induced at times of 
short circuits on the railroad, it is possible that the repeated 
electrical stresses of lower voltage, due to normal railroad opera- 
tion tend to decrease the dielectric strength of the insulation 
and thereby facilitate breakdown. 
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Magnetization of Loading Coils. Loading coils in very large 
numbers are now employed in both open wire and cable tele- 
phone circuits. These coils are liable to be permanently magne- 
tized by any induced currents which are materially in excess 
of telegraph currents. While they are magnetized there is a 
considerable loss of transmission efficiency and it is ordinarily | 
impossible to demagnetize them without removing them from 
the circuits. Moreover large currents through the loading coils 
may permanently reduce the permeability of the iron cores and 
make them unsuitable for use on long toll cable circuits. 

Electric Shock. At times of short circuits on the railroad and 
sometimes during switching operations, electrical surges may 
be set up in the telephone circuits, which are of sufficient inten- 
sity to produce electrical shocks to persons at the telephone or 
working on the circuits at the time. While it is improbable that 
such shocks will be the cause of serious personal injuries, even 
minor shocks are objectionable and constitute a basis of com- 
plaint as the public expects telephone instruments to be per- 
fectly safe at all times. 

Acoustic Shocks. Inductive surges such as are capable of 
‘producing electric shocks to persons are also liable to cause loud 
noises in the telephone receivers which may result in acoustic 
shocks to persons using the telephone at such times. Even the 
relatively slight clicks which sometimes occur due to battery 
interruptions may be very annoying to telephone users and 
acoustic shocks sometimes caused by induced voltages may be 
much more severe. 

Investigations and Experiments. Since 1905, when first noti- 
fied of the intention to install single phase electrification on a 
section of the New York, New Haven and Hartford Railroad, 
the American Telephone and Telegraph Company has done a 
large amount of work on plans, tests, experiments and studies 
of various kinds, most of it in conjunction with representatives 
of railroads and the clectncal manufacturing companies, all 
with the general object of finding means for protecting the tele- 
phone and telegraph lines and service against interference 
from electrification installations. A considerable amount of 
work has been done in connection with various electrification 
projects which have not been installed, some of these projects 
having been abandoned, at least in so far as the specific plans 
under consideration are concerned, while in other cases the 
matter is being held in abeyance, awaiting more favorable con- 
ditions for undertaking construction. 
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MEANS FOR PREVENTING INTERFERENCE FROM ÁLTERNATING 
CURRENT RAILWAY ELECTRIFICATIONS 


There are various means which have been proposed, some 
applicable to the railway system and some applicable to the 
affected communication systems, for preventing or reducing 
inductive interference. Some of these means have not been 
found successful or advantageous in practise while others have 
proved beneficial in varying degrees. It will be of interest to 
consider briefly some of these proposals. 

Separation. The most effective means is to avoid the parallel, 
wherever practicable, by keeping the communication circuits 
and electrified railroads sufficiently separated. With the exten- 
sion of electric traction, and the constantly increasing importance 
and efficiency of communication circuits, the avoidance of paral- 
lels will be increasingly important. However, this first rule for 
preventing interference, is unfortunately, not one which can be 
generally adopted in practise. Railroads and communication 
circuits must serve the same communities and it is necessary 
that the connecting routes of each be reasonably straight and 
direct. The field of influence of an alternating-current railroad 
which uses the running rails as a part of its circuit extends out 
to a great distance on both sides of the railroad. This makes 
effective separation from such electrified railroads much more 
difficult than separation from most other kinds of power trans- 
mission circuits. 

Neutralizing Transformers. Where communication circuits 
are subject, under normal operating conditions of the railroad, 
to induced voltages sufficient to interfere with telegraph service, 
neutralizing transformers can be resorted to and if properly 
designed and connected into the disturbed circuits, such trans- 
formers will effect neutralization of a large part of the induced 
voltage. The transformers are provided with a plurality of 
windin gs, some of which, called primaries, are inserted in certain 
of the affected conductors which are grounded at or beyond the 
limits of the parallel, while the remaining, or secondary wind- 
ings, are connected serially into other of the conductors in which 
the induced voltages are to be neutralized. Under favorable 
conditions the remaining, non-neutralized voltage, is only 5 to 
10 per cent of the total induced voltage. 

For a more complete description and discussion of neutral- 
izing transformers reference is made to an article by Thomas 
Shaw in the Electric Journal, November, 1914. 
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Neutralizing transformers, however, have serious disadvan- 
tages from the telephone company's standpoint. The primary 
circuits, of which there are ordinarily from one-third to one- 
half the number of secondary circuits, are practically lost for 
telegraph purposes although they can be used for telephoning, 
at somewhat reduced efficiency. "The secondary circuits are 
also reduced somewhat in telephonic transmission efficiencv, 
but not so much so as the primaries. 

Neutralizing transformers have served a useful purpose in 
the early stages of alternating current railroad electrification 
where means of restricting the railroad's field of inductive in- 
fluence were not employed. They continue to have a limited 
field of usefulness, particularly in making endurable moderate 
amounts of induced voltages which remain after preventive 
methods have been applied at the source of disturbance, but 
they leave the general problem of interference unsolved. They 
are not applicable to subscribers’ lines nor have they been found 
effective in neutralizing the higher harmonics which cause noise. 

Drainage Coils. Drainage coils, bridged across a telephone 
line, with their mid-points connected to ground, provide a low 
impedance path for currents induced between wires and ground 
and thus tend to reduce the voltage. Such coils must be ex- 
ceedingly well balanced or they will themselves constitute a 
source of unbalance and thus augment noise. Moreover, they 
increase the susceptibility to noise resulting from irregularities 
in series resistance or impedance of the telephone circuits. Also 
they impair telephonic transmission efficiency. 

If telegraph service or direct-current signaling is employed 
on circuits equipped with drainage coils it is necessary to place 
condensers in series with the coils. The effect of this apparatus 
on telegraph service is distinctly detrimental. 

Drainage coils have not proved to be adapted for general use 
on commercial systems but are helpful on private telephone 
circuits of power transmission companies for reducing high 
electrostatic charges when such private circuits are carried close 
to high-voltage wires. 

Sectionalization of Telephone Circuit. An affected telephone 
circuit may be sectionalized by cutting in repeating coils at one 
or more points. This may be advantageous in certain cases of 
exposed rural lines where by placing a repeating coil at each end 
of a parallel it is possible to change to a metallic circuit through 
the parallel. It is also sometimes useful on private telephone 
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circuits of power transmission companies as it makes possible 
the insulation of the telephone sets from the exposed telephone 
wires. On commercial telephone systems the usefulness of this 
method is very limited as it introduces large transmission losses, 
precludes the use of telegraph and brings in difficulties in con- 
nection with line signaling. 

Shielding Conductor. А copper conductor used as a shield 
may be strung near the disturbed communication wires and 
grounded at the ends of the parallel. With a conductor of 
suitable impedance, the current carried by the conductor will 
have a neutralizing effect on the induced voltages in the near-by 
communication wires. The action is similar to that of neutral- 
izing transformers but less effective. In case of an aerial cable, 
the cable sheath itself can be so used instead of a separate 
copper conductor. The benefits derivable from this method, 
- however, are very limited. 

With a view to increasing the neutralizing action of sucha 
conductor, it has been suggested that a part of the railway 
current could be diverted into it. The quantitative relations 
involved are such, however, that great difficulties stand in the 
way of successful application of this scheme on a commercial 
scale. 

Resonant Circuits. Combinations of coils and condensers, 
adjusted to be resonant at the disturbing frequency and con- 
nected so as to reduce the disturbing current in the receiving 
instruments, have been employed to some extent. These afford 
considerable benefit for low-speed telegraph service such 
as ordinary hand sending. For higher-speed operation, the 
benefit obtainable in this way becomes rapidly less. Many 
modern telegraph systems operate at speeds approaching 25 
dots per second which makes it impossible to differentiate in 
this way between the signaling and disturbing currents. 

Similar methods have been suggested for reducing noise but 
are not usually applicable because the harmonics which cause 
noise are within the range of frequencies required to give good 
telephonic quality. 

Balance and Insulation of Telephone Circuits. It is advan- 
tageous to construct and maintain telephone circuits exposed 
to induction with a high degree of balance and insulation. This 
includes an adequate transposition system. In all cases of 
inductive disturbance care should be exercised that these fea- 
tures of the affected lines are properly attended to. 
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Use of Relay Sets. On direct telephone lines the bell is bridged 
between the two metallic conductors. On two-party selective 
lines one bell is connected between each side of the circuit and 
ground. On four-party semi-selective lines two bells are con- 
nected between each side of the circuit and ground. On four- 
party lines, with full selective ringing, the bells are not connected 
to ground except at times when an operator is ringing on the 
line and at such times the connection of the bell to ground 15 
established by means of relays. On all these classes of lines 
both sides of the circuit are grounded at the central office. 

It will thus be seen that an induced voltage between the cir- 
cuit conductors and ground might ring all grounded bells, but 
under normal circumstances would not ring bells on a direct line 
or at stations equipped with relay sets. However, if the induced 
voltage is high enough to operate the telephone protectors, a path 
to ground is established through the protector, and bells on 
direct lines or bells at relay set stations may be falsely rung. 

Biasing Bells. In regions where the induced voltages are not 
too high, false bell ringing can be obviated by biasing the bells, 
that is, by stiffening the control springs so that increased volt- 
age is required to ring the bells. Obviously, there are very 
positive limitations to what can be accomplished in this manner. 

Measures Applicable to Railroads. The foregoing measures 
for obviating inductive interference are of a palliative nature 
and assume a condition of the electrification which produces 
large inductive effects. Another class of measures for avoiding 
interference looks to the source of the disturbances, the electri- 
cal system of the railroad, and seeks to avoid the conditions 
which produce large induction. This latter class has, in general, 
the advantage of benefiting, not one affected circuit only, but 
all communication circuits within the arca affected. 

Double Trolley. One radical and probably effective method 
of preventing inductive interference from single-phase railroads 
would be the use of a double-trolley circuit completely insulated 
from ground, thus avoiding the use of the running rails as a part 
of the railway circuit. This method, however, is distinctly un- 
popular with railway men, mainlv for operating reasons, on 
account of the complexity of the overhead construction particu- 
larly in yards, and at sidings and crossovers. Purely from the 
cost standpoint this method might have advantages in certain 
cases, where the conditions of exposure are severe and other 
methods of restricting the earth currents are expensive to apply. 
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Frequent Power Supply Stations. One of the most important 
methods of interference-prevention is the provision of a sufficient 
number of substations to supply power to the trolley-rail cir- 
cuit at frequent intervals. If the substations are near enough 
together, the amount of stray current and the average length of 
path of such current can be made small. It is particularly desir- 
able that all sections of electrified railroad which are involved 
in parallels be supplied with power from both directions rather 
than by stub end feed. 

Sectionalization of Trolley System. Considerable advantage 
may be gained by sectionalizing the trolley, thus decreasing the 
length of the earth current path as well as reducing the amount 
of power supplied to a short circuit. However, as each separate 
section of trolley requires an independent power supply suffi- 
cient for its maximum demand, the total transformer capacity 
required for a given length of electrified road is much increased 
by any considerable use of trolley sectionalization. Notwith- 
standing this objection a limited amount of sectionalizing may 
be used to advantage where the exposure is severe. 

Opposing Polarities. On railroad lines having two tracks it 
is possible to connect the two trolleys for opposing polarities, 
so that the current flowing in the rails and earth is only the 
difference in the currents of the two trolleys. An instance of 
this method applied to a direct Gurrent railroad is afforded by 
the City and South London Railway in England which has been 
so operated for 20 years. Ав applied to alternating current 
railroads of 11,000 volts, this method is considered to have serious 
operating disadvantages in respect to cross-overs between 
tracks, and for this reason this plan, which was studied in con- 
nection with the revision of the Woodlawn-Stamford electri- 
fication of the New Haven Railroad in 1912, was not adopted. 

Balancing Transformers. This method, which is now employed 
on the main line electrification of the New Haven Railroad, 15 
of much benefit in reducing stray currents, particularly where 
power is supplied from both directions. Its use, however, in- 
volves a combined transmission-distribution circuit, tied to- 
gether by the balancing auto-transformers, whereas the general 
practise in such matters seems to tend toward a separate tran- 
mission line supplying power to the trolley-track circuit through 
standard transformers. 

Booster Transformers. Another important method of con- 
trolling railroad currents is by the use of booster-transformers 
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placed at frequent ‘intervals along the electrified section. These 
transformers have a substantially even ratio of transformation, 
the primary winding being inserted serially in the trolley, and the 
secondary winding inserted serially in the track circuit. In 
this way the track current is required to be substantially equal 
to the trolley current at points where the transformers are located. 
By placing the transformers near together the leakage of current 
into the earth between transformers is made small. 

А modification of this plan is to install a feeder, electrically 
connected to the rails at intervals, and insert the secondaries 
of the. booster-transformers in series with this feeder. In this 
way the current is confined to the feeder instead of the rails. 
The London, Brighton and South Coast Railway embodies an 
installation of this type. This arrangement is somewhat more 
efféctive perhaps than trolley-track transformers but it involves 
considerable additional expense for the feeder, which must be 
of high conductivity. One advantage of the feeder-booster, over 
the track-booster arrangement, is that successful operation of the 
former is not so dependent on high grade maintenance of the 
track bonding. и 
| SPECIFIC ELECTRIFICATIONS ` 

Having now considered various means which are available, 
or at least, worthy of being considered, for avoiding or reducing 
inductive interference to communication systems by alternating 
current electrified railroads, we may now direct our attention 
to some specific electrification installations and see what has 
actually been done to prevent such interference and with what 
degree of success. In so doing I will confine my remarks to the 
salient features of four single-phase installations: (1) New York, 
New Haven & Hartford Railroad, Woodlawn to Stamford; (2) 
New York, New Haven & Hartford Railroad, New Canaan 
Branch; (3) Norfolk and Western Railroad, Bluefield to Vivian, 
W. Va.; (4) Pennsylvania Railroad, Broad Street to Paoli, Pa. 

Woodlawn-Stamford. Тһе original electric installation of the 
New York, New Haven and Hartford Railroad Company be- 
tween Woodlawn, N. Y. and Stamford, Conn., began operation, 
in part, in the summer of 1907. "This is a section of four-track 
railroad, about 21 miles in length, and all power was supplied 
by a generating station at Cos Cob about three miles west of 
Stamford. To move a train at Woodlawn, the current passed 
for 18 miles over the trolley wires and paralleling feeders from 
Cos Cob to the locomotive, the remainder of the circuits from 
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locomotive to Cos Cob, being the running rails and earth. The 
telephone company's New York-Boston subway is, throughout 
this section, situated at varying separation averaging about 
2000 feet from the railroad, a sufficient distance so that the 
inductive effect of the trolley current would have been largely 
neutralized by the inductive effect of the rail current, had these 
two currents been equal. However due to the long rail path, а 
large part of the current left the rail and spread into the earth, 
where its effect in neutralizing the corresponding part of the 
trolley current was negligible. 

After full electric passenger service between Woodlawn and 
Stamford was inaugurated, the induced 25-cycle voltage on 
circuits in the New Haven subway, at normal rush hour periods, 
was as much as 170 volts. On the Shore Line, one of the tele- 
phone company's open wire routes between New York and 
Boston, the corresponding induced voltage was about 300, the 
higher voltage on the Shore Line being principally accounted 
for by about a mile and a half of exposure near Greenwich, 
where the average separation was only about 100 feet. The open 
wire Shore Line circuits were also affected by noise, which was 
most intense during periods of train acceleration, the pitch of 
the noise varying with the speed of the train. The subway 
circuits being in metal-sheathed, underground cable, and not 
having any section of very close parallelism, were not made noisy. 
The Midland Line, another open wire route between New York 
and Boston, about four miles away from the railroad at the 
nearest parallel section, sustained corresponding induction of 
about 40 volts. 

Wires of the Western Union Telegraph Company, which were 
carried on poles located on the railroad right of way, were sub- 
jected to much higher voltages. These wires, except a few which 
were equipped with neutralizing transformers and continued 
in use by the Railroad Company, were removed to a new pole 
line which was built a number of miles away. 

The conditions as to induction continued substantially as 
outlined above for a period of four or five years. 

Early in 1911 the railroad company made known its intention 
to extend the electrification to include the Harlem River branch 
and the New York, Westchester and Boston Railroad. The 
former is a six-track line used principally for freight, extending 
about 12 miles from its junction with the main line, near New 
Rochelle, to the Harlem River. The New York, Westchester 
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and Boston Railroad, which is partly four-track and partly 
two-track, was constructed principally for suburban service 
and extends from West Farms at 176th Street, where it forms a 
junction with the Harlem River branch, to White Plains, a 
distance of 16 miles. А branch six miles north of West Farms 
taps the main line of the New Haven Railroad just east of New 
Rochelle. These two new lines involved the direct connection, 
to the Western end of the previously electrified section, of 
additional electrified line to the extent of about 200 miles of 
single track railroad. Moreover, it was planned that, after the 
Harlem River branch was electrified, freight trains, as well as 
passenger trains, on the entire svstem west of Stamford should 
be operated electrically. 

This proposed large extension of the electrification, with its 
resulting increase in load, caused considerable apprehension to 
us of the telephone company. Our estimates of induced voltages 
under the new conditions, based on the Railroad Company's 
estimates as to future train loads, indicated over 1500 volts on 
the Shore Line and nearly 1000 volts on the subway. These 
values corresponded to maximum normal railroad loads and the 
induction would have been still greater at times of abnormal 
conditions. Voltages of this magnitude are far beyond the endur- 
able limit for the telephone company and the matter was taken 
up by the companies with a view to determining what could be 
done to ameliorate the situation. 

In January 1912, a joint committee of engineers, comprising 

a representative each of the New Haven Railroad Company, 
the Western Union Telegraph Company, and the Telephone 
Company, was formed to study this question. Several different 
plans for modifying the railroad distribution system were laid 
before this committee. After six meetings during the ensuing 
three months, a plan was decided upon and a sub-committee of 
engineers was designated to work out the details. 
N This new distribution system involved quite a comprehensive 
change in the original installation. It was cut over on January 
15, 1914 and has been found to bring about a great improvement 
with respect to induction. 

Besides an additional power supply station at West Farms, 
which in itself effects a considerable improvement, the new dis- 
tribution system includes the use of 17 balancing autotrans- 
formers of 2000 kv-a. capacity each. These are distributed 
along the line, in such locations as are most advantageous for 


1918] WARREN: INDUCTIVE EFFECTS 1041 


supplying power to the trolley circuit, so as to minimize the 
length of path of current through the rails. 

As full accounts of this distribution system have been pub- 
lished I will not undertake an extended description of it here. 

The same system has since been used by the Railroad Company 
in extending the electrification from Stamford to New Haven. 

At present, the induced voltages on the through circuits in 
the subway seldom exceed 30 volts under normal conditions of 
railroad operation. | | 

The principal interference now incurred (apart from that 
due to the New Canaan Branch which is discussed elsewhere) 
is in connection with railroad short circuits in the vicinity of 
Stamford. Within the section from 2 miles West of Stamford 
to 5 miles East of Stamford, local subscribers! lines апа trunk 
lines have been affected by false bell ringing, false flashing of 
line signals, and grounding of protectors, on about twenty 
different occasions in the past three years, an average of twenty 
lines being affected on each occasion. It is of interest to note 
that these troubles are localized within this seven-mile section 
of the sixty-mile electrification from Woodlawn to New Haven, 
and also that it is at approximately the middle of this seven-mile 
section that the New Canaan Branch, referred to immediately be- 
low, joins the Main Line. | 

New Canaan Branch. In 1907 the New Canaan Branch of 
the New Haven Railroad, which previously had been operated 
at 500 volts d. c., was reconstructed and its trolley connected 
directly to the 11,000-volt trolley on the main line near Stamford. 

This branch is about six miles long, single track, and the 
traffic is light so that under normal conditions of operation no 
interference with telephone or telegraph lines was produced. 
However, the telephone circuits have been subjected to a great 
deal of interference from this branch, due to short circuits. Owing 
to the conditions of power supply, the short circuit current at 
New Canaan is about 2500 amperes or ten times the maxi- 
mum load current. At points nearer the main line the short 
circuit current 15 even greater. 

The inductive effects of the New Canaan branch were aug- 
mented by the large proportion of earth current, due to the rel- 
atively high impedance of the single track. Momentarily 
voltages as high apparently as 1000 were imposed on trunks 
between New Canaan and other places and voltages up to 500 
on many telephone circuits in the New Canaan exchange. These 
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induced voltages operated protectors, permanently grounded and 
put out of service many telephone lines and subjected operators 
to severe acoustic shocks. Due to the recurrence of these surges, 
the operators in the New Canaan office became so afraid of 
shocks that the operating efficiency was seriously impaired. 

In 1913, after several unusually severe surges from short 
circuits had been experienced, the matter of finding some means 
to overcome this interference, which had already been under 
consideration by the telephone and railroad companies, was 
taken up with renewed energy. Various plans were proposed 
and an extended series of experimental tests and measurements 
were made, as a result of which, means were finally agreed upon 
as follows: 1. To keep the rails well bonded. 2. To insert a 
current-limiting reactance in the trolley, near its junction with 
the main line trolley, so as to restrict the short circuit current. 
3. To install 12 series booster track-trolley transformers at in- 
tervals of about 16 mile. 4. Readjust the circuit-breaker, at the 
junction with the main line, for instantaneous operation. 

From the tests and from experience with six booster trans- 
formers, it is believed that the above mentioned measures will 
be effective in preventing this interference although the full 
installation of transformers and the current limiting reactance 
has not yet been completed. 

It is of interest to note that the balancing transformer plan, 
although generally giving good results on the main line of the 
New Haven Railroad, does not afford an effective means for 
preventing inductive interference under such conditions as exist 
on the New Canaan Branch. 

Norfolk and Western Railroad Electrification. This electrified 
section 1s between Bluefield and Vivian, West Virginia, a dis- 
tance of approximately 28 miles. The railroad is double track 
with numerous yards and sidings and includes some heavy grades. 
The power house for supplying power to the electrified section 
is located at Bluestone, about 10.8 miles west of Bluefield. 
Power is transmitted by duplicate single phase transmission 
lines at 44,000 volts to five substations, the distances between 
which, respectively, beginning at Bluefield, are 8.2, 4.6, 6.6 and 
4.8 miles. At these substations the voltage is stepped down to 
11,000 for delivery to the trolley-track circuit which is elec- 
trically continuous throughout from Bluefield to Vivian. 

The original plans for this electrification were taken up with 
the telephone company who proposed some modifications for 
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the better protection of the paralleling communication circuits. 
The plans as modified include 23 series booster trolley-track 
transformers, the average spacings of which are, east of the power 
house, about a mile and a half, and west of the power house 
about a mile. Each transformer is 100 kv-a. continuous rating 
and 400 kv-a. for 2 4 minutes. 

One telephone line paralleling this road has several exposures 
of about 500 feet separation from the railroad and there are 
also local circuits of the Bluefield Telephone Company іп prax- 
imity to the railroad. No trouble has been reported from in- 
duction under normal railroad conditions. At times when the 
electrification wires are down noise has been experienced on some 
of the above mentioned circuits. Also a telephone trunk circuit 
which crosses the railroad underground is sometimes thrown 
out of service when the railroad circuit isin trouble, by reason 
of the copper block protectors at the crossing becoming grounded. 
Some trouble has been sustained from corrosion of lead cable 
sheaths at undergfound crossings of the railroad in Bluefield 
but it has not been established whether or nót this is due to 
electrolysis by the alternating railroad currents. 

Broad Street—Paoli. Plans for electrifying the Peniisyle 
vania Railroad’s four-track main line from Broad Street to 
Paoli were announced early in 1913. The question of inter- 
ference with the telephone company’s lines was taken up with 
the engineers representing the railroad company and several 
plans looking to the prevention of interference were considered. 
As a result of the best information then available it was decided 
in 1914 to install series booster trolley-track transformers for 
the purpose of confining the current to the rails. 

The power for this electrification is conveyed by a 44,000. 
volt 25-cycle transmission line to three substations, one each 
at West Philadelphia, Bryn Mawr and Paoli, and from these 
substations supplied to the trolley-track circuit at 11,000 volts. 
Sixteen pairs of trolley-track transformers, each transformer 
equipping two tracks and having a continuous rating of 80 kv-a, 

and 600 kv-a. for one minute, are provided, the spacing between 
transformers being about one mile. 

The regular operation of electric passenger trains between 
Broad Street and Paoli was begun during the latter part of 
September, 1915. Extended induction tests were made on the 
section east of Bryn Mawr in April, 1915 and on the entire line 
in the following August. Further induction tests were made 
in the summer of 1916. 
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In July, 1916, the Railroad Company commenced operating 
synchronous condensers at Radnor and it has been found that, 
with these condensers in use, the booster transformers are greatly 
overloaded at times of short-circuit. This results in the trans- 
former iron becoming heavily saturated and the magnetizing 
current, consisting largely of the third harmonic, which under 
these conditions reaches very high values, necessarily flows 
through the ground. The current wave is badly distorted as a 
result of this overloading and the induced voltages during short- 
circuits may actually be higher with the booster-transformers 
than without them; in fact, it has been found preferable to 
remove the booster-transformers east of Bryn Mawr, and only 
those from Bryn Mawr west are now regularly in service. | 

With all booster transformers in service the maximum in- 
duced voltages, (peak values)*, during normal operation are 
about 10 for subscribers' lines and 25 for trunk lines; at times 
of short circuit, calculations based upon experimental data 
show that the maximum voltages may exceed 1000 оп sub- 
scribers’ lines and 1200 on trunk lines. With all booster trans- 
formers cut out, the corresponding figures are, for normal opera- 
tion, 50 volts for subscribers' lines and 125 volts for trunks and, 
at times of short circuit, 225 volts for subscribers! lines and 
900 vo'ts for trunks. These figures assume two condensers 
in service. 

This section of railroad follows through a highly developed 
suburban area where disturbances on telephone lines are ex- 
tremely undesirable. Unfortunately, a considerable number of 
cases of bell ringing due to short-circuits on the railroad circuit 
have been experienced. Not all short-circuits cause bell ringing 
however. 

During the first three months of electric operation, namely, 
October, November and December, 1915, the number of short- 
circuits causing bell ringing averaged 10 per month and the bell 
ringing troubles over 2000 per month. During the following 
seven months the average number of short circuits causing bell 


ringing, fell to 4.5 per month and the bell ringing troubles from. 


735 in ]апчагу to 57 in July. Since July, 1916, the number of 
short-circuits per month which caused bell ringing have been 


*On account of the wave shape distortion described above it was 
found advantageous here to measure peak voltages rather than effective 
voltages and all values of voltage mentioned in this discussion of the 
Paoli electrification are peak values. 
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further reduced and during the year 1917 averaged about 1.5 
per month. 

The improvement in the bell ringing situation after January 
1916 and up to August 1916, was due partly to changes in the 
railway control circuits and in the operating arrangement of 
circuit breakers, and partly to the substitution of relay sets for 
standard party line bells, at subscribers! stations within the 
regions of heaviest inductive disturbances, and the biasing of 
bells within the areas of less disturbances. This work required 
changes in subscribers' apparatus at about 3000 stations. 

The synchronous condensers installed in the latter part of . 
July, 1916, increased the maximum voltages impressed on the 
telephone circuits at times of short-circuit on the railroad, so 
that while the actual number of short circuits causing bell ring- 
ing has been reduced since that date, the average number of 
bell ringing troubles per month has increased. From August 
1916 to December 1917 inclusive, there were 22 short circuits 
causing bell ringing and 1589 bell ringing troubles, an average of 
72; whereas for the five months’ period preceding the installa- 
tion of the synchronous condensers, there were 20 short circuits 
causing bell ringing, and 356 bell ringing troubles, an average 
of 18, or one-quarter of the corresponding average number in 
the later period. During the year 1917, 45 per cent of the bells 
rung were on direct lines and not grounded. 

The high induced voltages causing bell ringing have been 
experienced over the entire electrified portion of the Main Line 
except within about three miles of Broad Street. It is fortunate 
that the region of high induced voltages does not extend to 
Broad Street, otherwise, owing to the densitv of telephone 
development within that district the trouble would be exceed- 
ingly difficult to cope with. 

In a small percentage of cases where bells are rung the in- 
duced voltages are sufficient to leave the telephone lines grounded 
through the protectors, thus interrupting service. 

Methods of signaling on call circuit trunks involving use of 
the ground have had to be abandoned. | 

Noise tests made on ten trunks which parallel the electrifica- 
tion indicate that the induced currents from the railroad cause 
a small amount of noise but not enough to constitute interfer- 
ence with service on these comparatively short lines. However, 
I may mention the fact that in the construction of the new 
Philadelphia-Reading toll cable, in which the requirements as 
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to freedom from noise are more exacting than in the case of the 
shorter Main Line trunks, the liability of noise, together with 
other features of interference, was considered a sufficient reason 
for changing to a diflerent route in order to avoid exposure to 
the electrified section of the railroad. The route adopted in- 
volves charges of $1000 a year more than the route exposed to 
the electrification, which otherwise would have been followed. 

None of the telephone company's circuits affected by the 
electrification are now used for telegraphy, hence there has been 
no interference with this type of service. It is expected, however, 
that telegraph service over the paralleling toll circuits will be 
required later and to give this service it will be necessary, unless 
there is some new development, to employ neutralizing trans- 
formers with their attendant disadvantages and limitations. 

The high voltages induced on the telephone lines at times of 
short-circuits, also, in the opinion of the telephone company, 
constitute a considerable fire hazard, although it is fortunately 
true that no fires have as yet been caused. All terminating 
trunks at the three directly exposed offices west of Bryn Mawr 
have been provided with carbon block and heat coil protection. 
As these trunks are in underground cable, they would not 
require these protective devices except for the induced voltages. 
As an additional precaution against fire the telephone company 
has maintained a special force of night watchmen at several 
central offices throughout this area where regularlv there are 
no inside men at night, thereby incurring an expense of about 
$18,000 per vear. Asa still further precaution, trunks to cer- 
tain offices west of Malvern were for a time provided with re- 
peating coils at Malvern, but it has recently been necessary to 
phantom these circuits, which has required the. removal of the 
repeating coils. 

A large number of the trunks affected by induction from this 
electrification are equipped with loading coils. Tests on these 
coils show that more than 20 per cent of them are magnetized 
to a greater or less extent but it has not yet been determined 
whether this trouble has been brought about wholly or in part 
by induced currents from the railroad circuits or whether it is 
due to other causes. 

Within the area of high induced potentials, telephone sub- 
scribers and employees are exposed to the possibility of electric 
shocks at times of short circuit on the railroad. Fortunately, 
however, no troubles from such shocks have yet transpired. 
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Telephone operators and users are also exposed to the possi- 
bility of acoustic shocks at times of surges from short circuits, 
although no serious acoustic shocks, due to this electrification, 
have been reported. 

It will be seen from the foregoing that, notwithstanding all 
that has been done by the railroad company and the telephone 
company to reduce interference, there still remain, at times of 
Short circuits, certain hazards of fire and shocks, bell ringing 
trouble, and other latent interference as described. While this 
impending interference has not, with the exception of bell 
ringing, actually materialized into trouble, nevertheless the pos- 
sibility of such trouble is continually present and the condi- 
tions can by no means be regarded as satisfactory. 

Looking to further improvement in the situation a number 
of plans which involve changes in the distribution system of 
the railroad, have been worked out. The plan which, on the 
whole, seems entitled to the most favorable regard, involves the ` 
installation of additional power supply transformers at Radnor 
and at a point 161% miles from Broad Street, and also includes 
the sectionalizing of the trolley at both these points. This 
plan further requires the moving of the Berwyn-Malvern 
aerial telephone cable to a more remote location. By the adop- 
tion of this plan it is estimated that the maximum induced 
voltage at times of short-circuits would be brought down to 250. 
This would largely reduce, but not wholly avoid, the fire and 
shock hazards, bell ringing on direct lines, and the other evils 
involving the operation of protectors. The cost of carrying out 
this plan, including labor and material only, has been estimated 
at $140,000. 

Another plan, involving more extensive changes in the power 
supply and distribution system to avoid wholly the interference 
and hazard, would require a much larger expenditure and per- 
haps would not be warranted by the existing situation. 

A different plan would be to install sufficient additional 
booster-transformers so that they would not become overloaded 
at times of short circuits. This would probably require placing 
the boosters one-third to one-half mile apart and would cost 
from $85,000 to $150,000. "This plan has not been worked out 
in detail, as the railroad company objects to the introduction of 
insulating joints in the trolley wires at such frequent intervals. 
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CONCLUSION 


It may be said in conclusion that means are now known where- 
by alternating railway currents can be kept sufficiently within 
control, except under abnormal conditions, to prevent sub- 
stantial interference to neighboring communication lines, al- 
though the application of such means to the extent necessary 
to produce satisfactory results may involve considerable expense. 

Even under abnormal conditions the interference can be 
greatly reduced by the application of suitable measures, but in 
some cases there still. remains the problem of obtaining a suffi- 
cient reduction of interference without incurring a cost which 
the railroad companies consider excessive. 

It is important in each electrification project that the railroad 
company and the communication companies affected cooperate 
in determining what interference-preventive measures shall be 
adopted. Each electrification requires a special study, as the 
best measures to employ may be quite different in different cases. 

I wish to take this opportunity to testify to the broad minded 
and cordial manner in which the railroad companies and electri- 
cal manufacturers concerned have cooperated with us in search- 
ing for a satisfactory solution of this problem, a work which, 
it is probablv unnecessary to add, is still in progress. 
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BY MAI: k GENERAL WILLIAM M. BLACK 
Chief of Engineers, U. S. Army 


FEEL some diffidence in addressing you this evening, partly 
because, although I might have qualified as an electrical 
engineer in 1880, I know I could not do it now, and then, I feel 
that & man who has the privilege of talking to a number of 
men such as are assembled here at this time has a tremendous 
responsibility, because the task set before us is one that 
has been unequalled in the history of the world. We represent 
a creed, not only in our living but in our Government, which 
we believe is necessary for the salvation of this world, for 
bringing to this earth the Kingdom of God. 

We are fighting a nation that has a creed directly opposite 
to ours, a creed that leads them into the belief that Might makes 
Right, and that anything that is for the supposed good of the 
State is Right. This attitude has led the people of that nation 
to break every law that humanity has made for the amelioration 
of the horrors of war, laws that have gradually grown up 
through the ages. These laws are being ruthlessly sacrificed 
by these people in strict accordance with the creed which 
they hold. That creed and that people must simply be swept 
from off the face of the earth, and that is the task that we have 
undertaken. 

It is an honor to be privileged to address you on a subject 
of such importance to our country, the duty of the Engineers 
in war. Although the part played by Engineers in this war is 
great and the responsibilities of the profession are correspond- 
ingly large, this war, like all wars in the past, is and must be a 
war carried on in accordance with the principles of the art of 
war, which are unchanging and which have been recognized and 
taught ever since organized armies were first created. 

Do you realize that almost the only absolutely modern method 
of warfare now in use is the warfare of the air? The invention 
of submarines was made during the American Revolution, and 
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submarines were used successfully, though to a limited extent, 
in our own Civil War. Gas and flame fighting are of ancient 
origin. 'Trench fighting is hardly better known today than it 
was to the veterans of Grant and Lee, of Sherman and Johnson. 
The advances in human knowledge have caused corresponding 
improvements to be possible in the weapons of warfare. Іп- 
creased knowledge of chemistry has produced more powerful 
explosives and improved methods in metallurgy have enabled 
theseexplosives to be utilized, by making possible heavier and 
more powerful guns. Improvements in the means of transpor- 
tation have enabled larger bodies to be moved more quickly and 
more readily and to be subsisted and supplied with greater 
certainty. The telegraph, the telephone and the wireless have 
afforded a means of prompt communication and have enabled, 
larger bodies of men to be given co-ordinated action. With such 
changes, battles are fought on the same principles and 
won or lost from the same causes as in the time of Alexander 
the Great. This war has been called a people's war and so it is 
in the sense that due to modern facilities the entire resources 
of the people can be utilized to day as they could not have 
been utilized in the days of old. It has also been called an 
Engineer's war because in the quickness of movement and in 
the works necessitated by these modern inventions the services 
of Engineers become more conspicuous and perhaps more neces- 
sary than in the past. But engineering in warfare has always 
been essential and it is even doubtful whether the science of 
engineering does not owe its birth to the works of war. Ап 
Engineer myself, I would be the last to belittle the work of our 
profession. It is a matter of pride that the men of our pro- 
fession, due to the nature of their employment in time of peace, 
are, of all the civil professions, most prepared to serve the country 
in war, but to serve the country adequately in war, the Engineer 
must add to his peace equipment for professional work. The 
profession of arms 1s a profession in itself and it is the profession 
which deals with the very greatest in magnitude of all the en- 
deavors of men. The effective use of an army which is properly 
constituted exemplifies the best that men can do in organization, 
in discipline and in the devotion to duty which causes a man to 
regard his own life as a thing of small moment toward the 
attainment of the end sought. 

There would be a great amount of eflort saved if our people 
recognized more clearly the existence of the technicalities of 
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the profession of arms. Тһе Government in Washington is 
simply deluged with suggestions and so-called inventions for 
the winning of the war. The records show that about 98 per cent 
of all of these are without military value and that time and 
labor have been thrown away by men eager to help, but entirely 
ignorant of the history and conditions of warfare. 

An example with which some of you are familiar 15 the elec- 
trical gun. For years the possibility of such a weapon has been 
a fascinating line of study to electricians. The principle of the 
solenoid is the germ. If a series of solenoid coils were to be 
energized and de-energized in succession sufficiently and rapidly, 
such a series around a tube can be made to impart a movement 
of translation and rotation to a projectile. But practical re- 
sults are today impossible. A six-inch service rifle having a 
length of 20 feet, fires a projectile weighing 110 lb. with a muzzle 
velocity of 2600 ft. per sec., or in other words, the projectile 
leaves the muzzle with a kinetic energy of translation of 115,500 
ft-lb. This energy has been stored in the projectile during its 
travel through the bore of the rifle, or say in 1/65th of a second. 
The average power expended has therefore been at the rate 
of 7,607,500 ft-lb. per second or about 14,000 h. p. or 10,500 
kilowatts. These figures are simply approximations and neglect 
entirely the power required for imparting velocity of rotation 
and for overcoming the friction in the bore. You can easily 
estimate the weight and dimension of the generating equipment 
which would be required for even a moderately powerful gun 
were all the mechanical and electrical problems of its manu- 
facture solved, and making due allowance for the short-load 
periods. You can understand the impracticabilty of trans- 
porting the electrical plants required for any number of such 
guns, and the impossibility of distributing this power over shell- 
swept ground to guns whose position must be constantly shifted, 
and which must be put in action on a few seconds' notice. 
I think that you will agree that until new discoveries give a 
much improved method of storing or generating electricity, 
smokeless powder will continue to be the most compact and con- 
venient form of stored energy for guns. 

And yet there has been a good deal of time and money wasted 
in trying to perfect such a gun by men whose patriotism is un- 
doubted, and whose ignorance, also, is undoubted. [п other 
words, if a man has an invention or an idea of an invention, 
by all means let him work on it, but before he goes to Wash- 
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ington and takes up the time of men busy trying to devise means 
to beat the Boches, let him make sure that he knows the condi- 
tions of war and what he 15 trying to do to meet those conditions, 
and then if he 15 sure of the means, let him present his ideas 
and inventions to the people in Washington. 

We want all we can get and want the best we can get. We 
want the inventive power of our country if it can be exercised 
to do good. 

There was a proposition made seriously at Washington re- 
cently that the United States should provide a fund, of I do not 
know how many million dollars, and make a Home for Inven- 
tors, where any one who thought he had an invention would be 
able to go, and work it out at the public expense; and recently, 
although we had a committee of experts there to pass upon 
these inventions, the results were so utterly unsatisfactory to 
the inventors that they came in a perfect horde upon the Secre- 
tary of the Navy and the Secretary of War, so much so that they - 
had to make a brand new committee of three men, who could 
be much better occupied, to go ahead and do this same thing; 
and I am only waiting for the next drive of inventors to show 
that this Committee will not suit them one particle better than 
the old one did. 

In addition, without doubt, there are many men in our coun- 
try of the highest patriotism who are sore-hearted because they 
are not given something to do directly toward the winning of 
the war. They do not understand, that some condition pecu- 
liar to themselves, possibly age, possibly physical condition, 
possibly mere ignorance of war and its conditions, compel it 
that the bit that they must do for their country at this time is 
to continue in their work in civil life and do their part in keeping 
up the normal life of the country—in itself a service of importance. 

The part which Engineers are now playing in the war is a 
very great one. The records of the American Institute of Elec- 
trical Engineers show that out of a total membership of 9443, 
there are 973 in the service, or 10.3 per cent of its roster. The 
American Society of Civil Engineers with 8753 active members 
has 1414 per cent in the service. The American Institute of 
Mining Engineers 10.4 per cent, and the American Society of 
Mechanical Engineers 10.1 per cent. But these records are 
not complete. At the outbreak of the present war there were 
in the Engineers Corps of the Regular Army about 300 officers 
and approximately 3500 enlisted men. At the present time, 
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there are about 8000 commissioned officers and 200,000 en- 
listed men, made up of men formerly engaged in works of an 
engineering character. It is probable that this does not repre- 
sent much more than one-half of the number of the profession 
now serving in the Army. 

Let us consider the nature of the work of the Engineer, passing 
from front to rear of the Army. 

First in importance is the work of the sappers. They go be- 
fore and remove obstacles, clearing away obstructions, building 
bridges and roads, making the trench systems complete, mining, 
providing light, water, lines for supply (light railways or roads) 
and military mapping. In this category enter practically all of the 
branches of the profession. Further to the rear are found the con- 
struction and operation of railways; road and bridge construction; 
the construction of veritable towns for supply depots, with all their 
accessories, drainage, sewerage, lighting and water supply; con- 
struction of quarters and of hospitals; and furthest to the rear, 
the construction of the ports of debarkation with their wharves 
storehouses, railway lines, yards and shops, all with their sani- 
tary systems. Separate from these activities, but necessary 
for their supply, are the Forestry troops who turn the growing 
timber into lumber of the dimensions required for the various 
services. Locomotive and car shop troops are performing 
essential services. Topographic Corps, Sound Ranging Corps 
and Camouflage Corps are also among the varied activities of 
the Engineers. 

What preparation is required for the fulfillment of these varied 
duties? For the actual technical work of construction or in- 
stallation the civil training of the Engineer should prove suffi- 
cient when the plans which embody the military features have 
been prepared, or when the military technique has been learned 
and assimilated. A fundamental of this military technique is 
that the time element is to be considered rather than money 
cost and that the work must be done with whatever materials 
are available. , This requires clearness of conception of the 
results required, resourcefulness and organization—factors also 
required for civil work. 

As stated earlier, due to the very small numbers of the per- 
sonnel of the Corps of Engineers of the Regular Army, reliance 
had to be placed in the members of the profession in civil life. 
Confidence in their devotion to country and in their ability has 
not been misplaced. The results already accomplished prove 
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this fully. Could more have been done? Undoubtedly, had the 
profession been better prepared for the call. 

Will you permit me to say a few words concerning the general 
training-of our Engineers, based on a professional experience 
of more than forty years? The conviction has been forced upon 
me that in educational matters, as in many other affairs of life, 
we Americans are inclined to go too fast. The basis for any 
professional career where the highest is to be attained must be 
a sóund general education. Does anyone of you regret the les- 
sons gained in your own experience? 15 not the experience of 
humanity as shown in properly written history of almost equal 
value? Would Russia now be in the sad condition existing had 
her people known that the experiments she 1s trying have always 
resulted disastrously? Yet is history thus considered in an ord- 
inary technical course? Again, do you not find a knowledge of 
the general principles of law and of the special rules of the laws 
of contracts of value? Ате these considered essentials? What 
is the handicap of an Engineer who is unable to express his ideas 
clearly in spoken and written English? Is this taught thor- 
oughly in our technical courses? 

It goes without saying, that the study of pure and applied 
mathematics is found in all technical courses. But, are these 
subjects well grasped before their application in special techni- 
cal courses is studied? Is any faculty of an Engineer of greater 
value than the ability to form a mental picture of his problems 
and of its solution? Yet is that study which assists most in this 
faculty—descriptive geometry— properly apprehended? Is there 
any branch of the profession which in its application is not 
based on a knowledge of topographical work, on a knowledge 
of construction materials and of how these should be used? Is 
the study of these branches of civil engineering insisted upon 
sufficiently in the mechanical and electrical courses? In effect 
would not our professional men be better equipped for their 
civil work were they not in too great a hurry in their youth to 
enter directly into life's combat? Does not this war teach that 
without a long and elaborate preparation down to the last 
details, an attempted “drive” must fail? 

These remarks apply to all Engineers, both military and 
civil. In the rush of war men cannot always be hand-picked 
for special jobs and frequently it becomes necessary for an 
available man to be used for the work immediately necessary, 
irrespective of his previous training. In this supreme test of 
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humanity the best man is he who is prepared to meet any emer- 
gency— perhaps not in the most finished way—but to meet it. 

There are things that the engineers in this country can do. 
If they do know enough to give us some ideas for helping along 
in the killing of Boches, for God's sake let us have them. If 
they do not, what they can do is to help the supply of men for 
the winning of the war. We are now short of officers of 
Engineers, very short, and we are going to be very much shorter. 
We must have educated engineers for this work, and we must 
not only have the men for theline work of the army, but we 
must have mechanicians and artisans and laborers for the 
special work. 

All of you men have spheres of influence—do your best in 
them, and if you can be used otherwise, and the problem comes 
up in which we need you, you may be sure you will be called 
upon. There is this problem now, the supply of men, in 
which you can help, either by your own personal sacrifice, in 
going out, or by influencing others. 

Now as to soldier work. The movements of drill and the 
construction methods peculiarly military are easily learned. The 
knowledge of the art of war which will enable these to be applied 
promptly and properly is more difficult. But most difficult to 
acquire is the peculiar mental discipline which makes the soldier. 
The Army is a huge machine which must work co-ordinately 
in all of its parts. That competition, which in civil life causes one 
body to advance further and faster than another, is out of 
place in an Army. All must work together and for one common 
end. Each man must so subordinate his will and desire to the 
common good as to work willingly and earnestly in the sphere 
allotted to him. This does not mean that all initiative is to be 
suppressed. On the contrary each man must use his initiative 
to the utmost, but in his own allotted sphere of action. Each 
must learn to obey and obey from the heart. Through such 
obedience comes the knowledge of how to command when com- 
mand becomes а duty. Al of this is hard to learn. But each 
man who is called upon to help in this war must learn it, if he 
would help effectively. 

By all means let us have military training in our schools, 
but let it be true military training and not tin soldier work. 

There is another line of technical military knowledge which 
must also be studied hard. The machinery for the organization, 
training, supply and leadership of troops; the methods of ob- 
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taining, accounting for and issuing supplies; of keeping returns 
of the men; and the channels of command must be studied. To 
civilians in general this is wholly unknown, but if a man is to 
be of service in the Army, it must be learned until its use be- 
comes automatic. 

What have the Engineers done? War was declared April 6, 
1917. By the middle of July, nine regiments of  Rail- 
road Engineers had been raised and organized and two 
had actually started for France. In each regiment were two 
officers of the Corps of Engineers of the Regular Army, the 
Colonel and the Regimental Adjutant. The remaining officers 
were all from the Engineer Reserve Corps, some receiving their 
commissions only when on the point of sailing. ОЁ course, few 
of the officers had had any previous military training and the 
tasks of organization were most difficult. Since then, there 
have been organized: | 

Five Corps Regiments consisting of Sapper, Searchlight and 
Sound Ranging troops; 43 Sapper Regiments and trains; 2 
Mounted Battalions and trains; 5 Ponton Trains; 4 Inland 
Waterway Companies; 40 Railway Regiments and Battalions 
including all classes of Standard Gage and Light Railway troops 
necessary for the construction, operation and maintenance of 
railways; 1 Railway Transportation Corps; 1 Highway Regi- 
ment; 1 Gas and Flame Regiment; 1 Gas Training Service; 
5 Forestry and Auxiliary Forestry Regiments; 1 Surveying and 
Printing Battalion; 1 Military Mapping Service; 2 Supply 
and Shop Regiments; 1 Water Supply Regiment; 1 Quarry 
Regiment; 1 Mining Regiment; 1 Electrical and Mechanical 
Regiment; 2 Crane operating Companies; 1 Camouflage Bat- 
talion; 18 Truck and Auto Companies and 44 Depot Detach- 
ments. 

The greater part of these organizations is now overseas. 
Some are serving with the British Army, some with the French, 
but the majority is with our own troops, in service both at the 
front and in the rear. 

I wish I could go into greater detail as to the work of these 
Sound Ranging Corps, because it comprises some new elec- 
trical work of the highest character, and the apparatus for it 
has been perfected in this country. We took the best devised 
at the beginning of the war, and our physicists went to work 
and have made marked improvements. Perhaps you do not 
know what sound ranging is. The artillery is stationed in the 
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rear of the line. There is almost no direct artillery fire any 
longer—that is, as a rule, the gun is fired from a point where the 
target cannot be seen at all. The first thing to be destroyed, 
invariably, is the enemy's artillery, then the trenches are attacked, 
The obstructions of wire are torn to pieces, the trenches 
themselves are practically leveled, and after that is done, in the 
assault, there is what is termed the barrage fire. That, I suppose 
you know means a fixed or slowly moving curtain of shells dropped 
on a certain given line and through which passage is almost im- 
practicable. 

On both sides the artillery is carefully camouflaged so it 
cannot be seen from aeroplanes. To show what care is taken, 
even the tracks that are made in taking the guns to the front are 
wiped out, the guns themselves are covered, so that neither 
from an observation balloon nor an airplane from the enemy’s line 
can the position of the gun be seen, and in order that the flashes 
of the gun cannot be located, there are dummy guns placed at 
intervals, and flashes from these guns made by electricity, 
so that the position of the real guns cannot be known. 

In order to determine the position of the real guns, there are 
delicate instruments which have been devised, which are placed 
at intervals along the line. These instruments are for the pur- 
pose of registering the sound of the gun. There 1s, first of all 
the sound of the gun in firing. That is preceded frequently, if 
the range be great, by the sound of the shell passing through 
the air, and sometimes by the bursting of the shell itself, before 
the sound of the gun comes. These are all recorded, and the 
velocity and the direction of the sound is known. By having 
these instruments at different points on the line, the position of 
any one gun can be “spotted,” and “spotted” so closely that 
our own artilery fire can be directed and the gun blotted out. 
That is one of the improvements of modern warfare rendered 
possible by the advance in general human knowledge, particu- 
larly in electrical knowledge,and these instruments are very exact. 

This service of the rear is of great importance and magnitude. 
Picture to yourselves what is required to transport, house, supply 
and maintain a million men three thousand miles from home, 
producing nothing and in their work expending enormous 
amounts of materials. 

Taking the question of storage alone, the provision of space 
required for an army of 1,000,000 for ninety days aggregates 
20,000,000 square feet of floor space of covered storage and 
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double that amount of uncovered storage space, with the neces- 
sary railway tracks for receipt and shipment and for classifica- 
tion yards, aggregating about 650 miles. Add to this an equal 
mileage of highways, adequate provision for water supply, sewer- 
age and electric lighting and power and you can realize the 
work involved in this one item. Add to this the constructions 
which have been built at the Ports of debarkation (at one of 
which 375,000 square feet of wharf space had to be provided), 
the hospitals, barracks, shops, and the lighting, water and sewer- 
age systems required, and some conception of the actual new 
construction work done, can be formed. 

It is estimated that the supply of the army requires the 
transportation to the front of 25 lb. per man per day. This 
makes heavy demands on the French railway systems, good as 
they are. These have had to be supplemented in all but the 
main line trackage, and a large amount of motive power and 
of rolling stock has had to be supplied and operated. 

Among the special services, the work of the Geologists must be 
mentioned, and in the line of improved apparatus, it may be 
stated that new instruments and methods for airplane photo- 
graphy have been devised and introduced. Other new aux- 
iliary aids for fighting have been worked out, some of which 
have already proved their value on the battle field. 

Yes, the Engineers are doing their work well. Be it in con- 
structions in the rear, or under fire, be it in the transportation 
of ammunition to the firing line, the construction of strong 
points and obstacles, the construction and destruction of bridges 
in the face of an enemy, or as in recent instances, under the feet 
of the enemy, or be it with their rifles in beating back an attack, 
they are doing and dying. All glory to our Comrades in arms in 
France! There is not a red-blooded American who does not 
envy them. 

But is there not a war duty for us also, for us who 
are held on this side of the ocean? Yes, undoubtedly. To 
some is allotted a task in supply, to some a task in manufacture, 
to some a task in organization. But that is not all. The life 
of the nation must go on. Her civil machinery must function 
undisturbed. With so many called away from these civil duties, 
the onus of the work will be the heavier for those Who are 
left. Let us each then do his bit as and where it presents itself 
knowing that if each does his best, with love of country and 
forgetfulness of self as guides, the results are sure. 
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Gentlemen, I have been in the front line trenches, and a more 
abominable place for a man to be in, apart from any enemy, 
you can hardly imagine. It is raining there much of the time. 
The mud is up to your ankles, even though the trench be drained 
and the best attempt made to keep the drainage in good con- 
dition. The men at the front are distant from their supports, 
and they are scattered, maybe a dozen at a place, directly in 
the face of the enemy, and they have to stay there, and have 
to be prepared to resist any attack that comes, with a certain 
knowledge that should the attack come in force, or should a 
real earnest effort be made to take the line, they in the front 
line are almost sure to perish, and they are not minding 
it. They are staying there in the face, not of possible death, 
but in the face sometimes of almost certain death. They are 
doing their work, and our engineers have the most dangerous 
part of that work to do. 

You remember in that first British drive to Cambrai, 
the Boches got in the rear of the firing line. They struck a 
part of one of our Engineer Railway Regiments, building light 
railways to the front to bring up ammunition. These men 
had not their arms with them. All they could do was to 
scatter and get in shel holes, and as soon as the Boches went by 
to ral:y and go back, and take the arms thrown down by the 
wounded or dead, and then pass over, and they formed their 
part of the line and did their share of the fighting. 

The evening of the great drive, I had the honor of dining 
with Sir Charles Douglas Haig. He then told me of one of the 
battalions of the Sixth Engineers, which had been with the 
British about six weeks, and in that time they had built twenty 
bridges with spans, ranging from 16 to 60 feet, and he spoke of the 
wonderful work they had been doing. Two days afterward 
these men took their place and held about a mile of the British 
line, and held it so that the Boches could not get through. 

The same happened with one of the railway regiments, 
again caught in the same way, and they formed a part of that 
miscellaneous army that Gen. Carey got together of the sup- 
posedly non-combatant troops, and the line which they formed 
prevented the capture of Amiens. They held the Germans. 
There, again, the engineers played their part valiantly. 

Just two days ago a cablegram came across from the other 
side, about one of the companies, Company C, I think, of the 
First Regiment, which had been ordered to do particularly 
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dangerous work in the neighborhood of the Marne. As they 
started out, two of the officers were killed at once, but the rest 
went on and did what they were ordered to do. 

Then again, you have noted that when the Germans got down 
to the Marne and were crossing a bridge, some of the engineers 
waited until the head of the Germans had gotten completely 
across the bridge, which was filled with the Germans, and they 
blew up the bridge, and those who got there wished they had not. 

Our men are doing their work on the other side wonder- 
fully, and those are our brothers in the profession who have . 
gone over and now wear the uniform. 

(General Black then exhibited some moving pictures showing 
the organization of the Engineers and how they do some of 
their work, and finally some of the work that they have al- 
ready accomplished in France, after which he added): 

In landing in France, you are struck at once by the number 
of maimed men you see on the street and by the women in black, 
and then, as you get to know them, you will see that these 
people are from their suffering simply the more determined to 
carry this war through to a successful finish. The same 
thing is true in England. You are struck by the grim determina- 
tion to win success at whatever cost. There, due to a difference 
of temperament, things are taken somewhat differently. I was 
at a tea 1n England, and was presented to an English woman 
of title. She was gowned just as any woman would be for an 
afternoon reception. In speaking to her I mentioned I had 
two boysin France. She said, “I did have four, I have only 
two now," and then seeing me look a little startled, she said, 
"You know we feel our private griefs must not be allowed 
to show, that we must not wear mourning, that we must go 
ahead with our ordinary duties and try to keep up the social 
life." 

We have only just Берип to fight. We have not begun 
to suffer. If vou were there, and could see what these people 
have done, and what thev are prepared to do, and then feel 
as you would feel, how completely they trust us to bring this 
war to a successful finish, vou would feel, too, that it is up to 
us to equal them in endurance, equal them in sacrifice, and to 
see that freedom, individual freedom, is preserved for all time 
n this world. I thank you very much. 
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CRITICAL REVIEW OF THE BIBLIOGRAPHY ON UN- 
BALANCED MAGNETIC PULL IN DYNAMO- 
ELECTRIC MACHINES 


BY ALEXANDER GRAY AND J. G. PERTSCH 


A" of the formulas are based on Maxwell's 'equation 


| В? А 
pull, in dynes = WT 


where B = flux density, in lines per sq. cm. 
А = cross section, in sq. cm. of the flux path in the gap 
between the pulling surfaces. 


This formula may be established in а simple manner for the 
case of a saturated magnetic circuit, as follows: 

The magnetic circuit shown in Fig. 1 is symmetrical about 
the axis O O!, and therefore the action of each pole may be con- 
sidered separately. With п turns per pole and e volts across 
each coil, the excitation n i produces a magnetic flux of @ lines. 

In Fig. 2, Oa shows the magnetization curve for each half of 
the complete magnetic circuit of Fig. 1 when the air gap clearance 
between the armature, and eagh pole-face is g cm. If now, the 
armature is allowed to move by a virtual displacement Ар 
under the action of the magnetic pull P, so as to reduce the gap, 
then the curve for the new magnetic circuit becomes O b (Fig. 2). 

In order to establish the initial flux @ at an excitation пт, the 
total energy supplied to the coil after closing the switch ss, is 


t t l 


f eidt = f 40 10-*) idt + f iridt 
(п d! | 


In this expression, the stored energy 


Ф 
IE аф 10-8 = Area Oac (Fig. 2), in watt-sec. 


o 
If, now, the armature is allowed to move under the action of the 
pull P, so as to reduce the рар by an amount A g, the excitation 
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п + being maintained constant, the flux changes from @ to 
ф +A ф and the change in the stored energy is 


#+A € 
+ (n——- : 10%) tdt = m X À p 10-8 = Area cabd 


Likewise, the energy stored in the magnetic circuit under the 
new conditions, with flux ф + Аф, 


= Area Obd. 


The mechanical work, Р.А р ‚15 done at the expense of the 
stored magnetic energy, which is equal to 


Area Oac + Area cabd — Area Obd 
= Area Oab 
= Area Oa!b! 


Le fed 
mu 


Fic. 1 


where Oa! and Ob! in Fig. 2 represent the magnetization curves 
for the air gaps g and g — A g respectively. 
But, for very small values of A ф, 


as 


Area Oa!b! = 2 


- Ampere-turns for gap Ag ХФ 
- 1075. . watt-sec. 


i (чт ле) x 6. 107 


2 
= X AgX107......... . Watt-sec. 


ф 
~ SrA 


X Agergs = Р XAg 
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ог, Pull in dynes, P = a ==. 


This formula is thus true whether the magnetic circuit is 
saturated or not. It will also be seen from the above what is 
meant by A in the formula, and how problems involving slotted 
armatures are to be solved. 

The subject of magnetic pull in dynamo-electric machines has 
not received much attention in recent years; in fact, it appeared 
as if the whole field had been covered by 1911. 

Fisher-Hinnen!, in his “Dynamo Design” published іп 1899 
derives the following formula: 


B*A x 
Pull, in dynes = (S | =) С 


density of flux in the air gap, in lines рег sq. cm. 


where В = 
A = section of the pole face, in sq. cm. 
x = rotor displacement 
g = air-gap clearance 


а = ratio of the reluctance of the total magnetic circuit 
to that of the normal airgap alone. 
C is a calculated coefficient, given in the following table: 


Value of C Number of poles $ Remarks 


Displacement along axis of field magnets. 
Displacement along neutral line. 
Displacement along axis of magnet. 
Displacement along neutral line. 

, Displacementalong neutral line. 
Displacement along neutral line. 


° t @ O o» ы 


А ме 


В. А. Behrend? іп 1900 gives а mathematica] discussion of 
the case of a machine with a very large number of poles and 
derives the formula 

2 
Pull = 225. 2x. 
87 g 
where St = m X R X Í = 4 X total air-gap area, and shows 
that this is exactly one-half the value obtained by assuming that 


1. See Bibliography. 
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half of the poles have a gap g —x and the other half a gap 
g + х.* 

If we substitute for St = 2 X A X poles, Behrend's ex- 
pression becomes | 
PA 


Pull = T 


с poles 
x ; 


Edgar Knowlton, about the same time, derives an expression 
for a machine with a definite number of poles andobtains the 
formula 


Pull in lb. = ( ВА =) 


77,134,000 ga 


where В = normal gap density in lines per sq. in. 


A = Area of pole-face in sq. inches 

x = displacement 

g = normal airgap 

a= ratio of the total reluctance of the magnetic circuit 
to that of the normal gap alone. 

C = a coefficient, obtained by calculation 


2 for 4 poles 
4.7 for 6 poles 
= 7 for 8 poles 

— 9.6 for 10 poles 


| 


Above 10 poles, C = number of poles, and the formula then 
checks with that of Behrend. | 

Knowlton's expression 1s of exactly the same form as that of 
Fisher-Hinnen, but the constants given by the two authors for 
6 and 8 poles differ considerably. Knowlton, moreover, states 
that it makes but little difference whether the plane of deflection 
is taken through a pole or between two poles. 

Hans Ілпѕептапп*, in 1902, uses the saturation curve directly 
(as is done in Fig. 3 of the following article by Rosenberg) for 
determining, at a given excitation, and with sine distribution of 
flux under the pole, the variation of the average magnetic pull 
per pole with the length of airgap. He expresses this variation 
by an approximate equation and introduces it into the general 
equations connecting the bending moments of the deflecting 
forces in large alternators. 

* Note that in the following paper Rosenberg formulates a similar 
statement. 
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J. Rey*, in 1904, states that Behrend's and Fisher-Hinnen's 
formulae are not consistent and sets out to derive a new formula 
especially applicable to induction motors with eccentric rotor. 
Rey's formula is 


1 
8T 


Pull in dynes = (B, S x С 


where В.,, = Bar X 1.1 for a sine distribution of flux 


S = rotor surface = 27 К] 
C = fle) 
€ = eccentricity, expressed as a fraction, in terms of 
the single airgap = x/g 
and for 


e=x/g=0.05 0.1 0.15 0.2 0.25 0.3 0.4 0.5 
C = 0.157 0.319 0.488 0.688 0.866 1.084 1.63 2.415 


For an eccentricity less than 20 per cent, this formula reduces 
to 


(В): 0.488 |, x 
ӛң ЭХ Ху 
(В.//) 


А | 
x SX = , approximate within one per cent, 


which is identical with Behrend’s formula, because with a sine 
distribution of flux, as in an induction motor, (Bess)? is the 
average value of (B)?, where B is the density at any point along 
the gap. 

J. K. Sumec’ derives a similar formula to that of Behrend and 
Rey, but by certain transformations reduces it to the form 


B? x 1 
Pull in dynes =——.5`—,————. 
Á 8т g Их 


This 1$ the same as Behrend's formula except for the last term 
which for an eccentricitv as large as 25 per cent, is equal to 1.1 
or a difference of only 10 per cent, while for eccentricities below 
10 per cent, the correction term differs from unity by only about 
one per cent. 

Sumec's formula, as might be expected, gives the same values 
as that derived by Rey. It is to be noted that in most of the 
formulas derived mathematically, the effect of the reluctance of 
the iron part of the magnetic circuit is neglected; the assump- 


1066 GRAY AND PERTSCH: 


tion made that the flux density is inversely as the airgap is there- 
fore only true in unsaturated machines 

In 1905, B. Soschinski? gives an account of some tests made 
to check the formulas of Rey and Sumec. Very good agreement 
was obtained for small airgaps and iron feebly saturated, taking 
the area and flux density at the top of the teeth but with increas- 
ing saturation, the calculated results (iron reluctance neglected) 
were higher than experimental ones. With larger values of 
airgap, however, the test values were: throughout higher (up to 
100 per cent). The latter result was accounted for by the fact 
that as the armature móves to one side the lines become con- 
centrated at the tooth tip on the side of the reduced gap and 
spread out on the side of the increased gap. 

In the same year (1905), Niethammer?, by a transformation 
of Sumec's expression, obtains the following formula which 
permits taking into account the reluctance of the iron path by 
determining the flux density from the saturation curve, as is 
done by Rosenberg. This expression is regarded by him as 
giving the most reliable results. 


s . 1 B ЖЕР 2 Brin 
Resultant pull, in kg. о | (5055 ) — (5с ) | РА 
where р = number of pairs of poles 


A = mean effective cross sectional area of 
gap per pole in sq. cm. 


In 1907, Picou!%, starting with the relation for stored energy, 
derives the expression for magnetic attraction, and gives a modi- 
fication of the formula due to Sumec for unbalanced pull. 

C. R. Moore in 1911, gives a graphical method for studying 
the unbalanced magnetic pull, by using Maxwell's formula and 
the given saturation curve of the machine, and summing up the 
pull for various adjacent halves of adjoining pole faces. He 
takes the airgap density for these half arcs as corresponding to 
the average airgap lengths across these faces and to the given 
excitation. Upon plotting the unbalanced magnetic pull for 
various field excitations he establishes the important fact noted 
by Rosenberg that, for low saturations the pull increases with 
the excitation, at a critical density, however, corresponding to 
about the knee of the magnetization curve, the unbalanced pull 
reaches a maximum for all eccentricities, and for larger excita- 
tions then decreases again. Therefore a machine, which normally 
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operates at high saturation, may be subjected to greater stresses 
while it is building up than under normal field excitation. 

Miles Walker' in his book on ''Specification and Design of 
Dynamo-Electric Machinery" (1915), points out that the 
amount of the unbalanced pull for a given displacement will 
depend on the extent to which the iron parts are saturated, and 
that the effect of increased saturation is to reduce the pull for a 
given airgap clearance and magnetic induction. He first assumes 
that all the ampere-turns are expended in the airgap and by the 
usual method derives an expression for the unbalanced pull 
exactly similar to that of Behrend (see above). He then shows 
how the saturated magnetic circuit may be replaced by an equiva* 
lent airgap obtained by means of a graphical construction on 
the saturation curve of the machine, and then uses this equiva- 
lent airgap in the formula for the unbalanced pull. 

К. E. Hellmund", Miles Walker!* and others have pointed out 
the effect of series and parallel windings on the unbalanced pull 
and have also discussed how the unbalanced magnetic pull in 
the induction motor may be reduged to a minimum, by using 
in the stator winding two paths in parallel which lie on opposite 
halves of the frame and thus make it impossible for the flux on 
these two halves to be very unequal. 
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MAGNETIC PULL IN ELECTRIC MACHINES 
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BY E. ROSENBERG 


List OF SYMBOLS 


Pole face area in square centimeters 

Magnetic induction (flux density in the airgap.) 
Reduced induction with increased airgap 

Increased induction with reduced airgap 

Critical induction, causing maximum unbalanced pull 


Differential quotient of induction and magnetomotive 


force in lines per sq. cm. and Gilbert's (47/10 ampere- 
turns) respectively 

Rotor diameter 

Voltage 


Differential quotient of voltage and exciting current 


"Gravity deflection"; deflection of the horizontally 
placed shaft under the static influence of the rotor 
weight | 

Unbalanced magnetic pull of the machine, due to a 
displacement x 

Unbalanced magnetic pull of the machine, due to a 
displacement f 

In two-pole machines: Unbalanced pull due to dis- 
placement x in the direction of the neutral diameter. 

In two-pole machines: Unbalanced pull due to dis- 
placement x in the direction of the field axis 

“Correct” airgap, taken as an average around the 
machine 

"Virtual airgap’, which, for low induction, would 
require the same m.m.f. as the magnetic half circuit 
of the machine 

In two-pole machines: Phantom airgap of the interpole 
(airgap of an imaginary interpole with same section 
as the main pole, which would require the same 
m.m.f. for the passing of a certain flux as the real 


interpole) 
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G ` Rotor weight 

H Magnetomotive foroe 

4 Exciting current 

L Effective length of rotor (air ducts subtracted) 

n Revolutions per minute 

Merit. Critical speed in rev. per. min. 

2p Number of poles 

q Ratio between the combined deflection of all the 


machine parts, caused by unbalanced pull, to the 
displacement, causing the unbalanced pull 


qr Ratio between rotor deflection caused by unbalanced 
pull to the displacement causing the unbalanced pull 

q. Ratio between combined deflection of the other machine 
parts to the displacement causing the unbalanced 
pull 


T cire. Ampere-turns per pole required to produce a certain 
induction (within the straight line characteristic) in 
magnetic circuit of the machine with ''correct'' air- 
gap 

Т, Ampere turns required to produce the same induction 
in the airgap x 

tana Gradient of the magnetization characteristic 

x Displacement of rotor and stator centers 

X Final static displacement 

р om. Final momentary displacement 

a 

0 


Local angle between magnetization curve and horizon- 
tal 


Angle between point of periphery and symmetry 
diameter | 
Note: Lengths are given in centimeters, forces and weights 
in kilograms, inductions in lines per square centimeter, unless 
otherwise stated. 
Designers who figure in inches and pounds and who use “Карр 
Lines per square inch” (one Kapp Line being equal to 6000 c.g.s. 


B ) 
5000 
inch)*, to obtain the pull in pounds per square inch in formulae 


(1) to (10a). | 
The critical speed, formula (11), changes to 


— 188 
Weg. = у 1 — q — = 


v Дага 


if finen denotes the gravity deflection in inches. 


lines), substitute for ( the value 4 · (B Kapplines/sq. 
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INTRODUCTION 


HE aim of the present paper is to investigate the occurrence 
and the effect of unbalanced magnetic pull in electric 
machines and to derive simple practical formulas for the use of 
the designer. There is an interesting chapter on the subject in 
Miles Walker's excellent book ''Specification and Design of 
Dynamo Electric Machinery" in which for a given induction 
the influence of saturation on the unbalanced pull is considered. 
The present author has endeavored to carry the matter to its 
logical conclusion and to find, whether in a given. machine there 
is a “critical induction" which gives a higher unbalanced pull 
than any other, smaller or larger, induction; further, to find a 
simple rule for determining this critical induction, and to investi- 
gate the permissible deflection of the machine parts in connection 
with the unbalanced pull, and the influence of the latter on the 
critical speed. Multipolar and bipolar machines on the one 
hand, and those with salient poles and cylindrical fields with dis- 
tributed winding on the other hand, show very striking differences 
although the maximum of the forces occurring can be covered 
by the same formula. 


А. МАСМЕТІС PULL OF А POLE AND OF A SERIES OF POLES 
The magnetic attraction on a square centimetre of a pole face 
is . 2 


8 т 


or, with an accuracy of nearly 1 per cent, 
2 


dynes 


(5553) kilograms, 

if B, the flux density in the airgaps, immediately adjoining the 
pole face, is expressed in c.g.s lines per sq. cm. To get the pull 
per pole, provided the pole extends over a comparatively small 
part of the periphery, we have to multiply by the area A of the 
pole face, measured in square centimeters. In general, in electric 
machines the magnetic pulls of the different poles are equal and 
are arranged symmetrically around the center. With a stator 
of the same stiffness in all diameters the magnetic pull would 
only cause a certain well defined and moderate strain all around 
the machine. With a split machine, however, especially if the 
joints are not very well stiffened, the deflection of the frame in 
the vertical direction will be different from that in the horizontal 
direction and a distortion may result which actually reduces 
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sensibly the airgaps in the diameter perpendicular to the plane 
of the joint. Each half of the stator can be considered as a 
beam, the support and fixing or the upper half being different 
from that of the lower haif which contains the feet. 

It can happen that, through error or accident, only part of the 
poles are excited. The worst case will be when all the poles in 
one half of the machine are overexcited, the poles in the other 
half being without excitation. The mechanical parts of the 
machine should be strong enough to withstand this condition 
without being overstrained, although it will not be possible in 
large machines with small airgaps to pre- 
vent entire pulling over of the rotor 
against the stator core. Considering the 
resulting force on the one half of the 
rotor or stator, it is clear that every 
pole, the center line of which describes 
an angle 0 with the symmetry line (Fig. 
1), will contribute a component in the direction of the symmetry 
line 


Fic. 1 


2 


B 
(5) -A-cos 0 
The average value of the cosine function over а quadrant is 2/7. 
If therefore the machine has 2р poles, only p neighbouring poles 
being excited, the resulting force, both on the stator and rotor, 
will be 


тг (1) 


If the airgap density B is not constant over the whole pole face, 
but graded, the mean value of B? should be taken. 

The unbalanced pull, which appears when only half of the 
machine is excited, grows with the second power of the airgap 
density or of the flux. With an air gap density of 5000 it is one 
kilogram per sq. cm.; with a density of 10,000 it is four kilo- 
grams per sq. cm., and with a density of 12,250, six kilograms 
per sq. cm. The highest possible, not the normal, saturation 
has to be considered to provide for this case, for it is likely that 
the accident or error which causes the non-excitation of one half 
of the poles, will cause the over-excitation of the other half as 
for instance, when all the exciting coils are connected in series, 
and wires leading to opposite coils become accidentally short 
circuited. It must be ascertained whether both the shaft and 


1ана, a— aad 
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frame etc. will withstand the force found bv formula (1) without 
overstraining, or whether the rotor core will pull over hard 
against the stator core with some lower force which is not suf- 
ficient to cause overstrain. 


B. UNBALANCED Р пл, DUE TO ECCENTRICITY 


I. Multtpolar Salient Pole Machines. Ап entirely different 
and very general case is that of a machine, the coils of which 
have an equal excitation, but cause a different flux under the 
various poles due to differences in the airgap. Many causes 
contribute to such a condition. Frequently the outer surface of 
the rotor and the inner surface of the stator are not perfectly 
cylindrical. Even if they are perfectly cylindrical and concen- 
tric while the machine is cold, a noticeable deviation may occur 
due to the difference in temperature between stator and bedplate 
when the machine is heated. With a machine of five meters 
diameter, for instance, a difference of 20 deg. cent. in the average 
temperatures of frame and bedplate would correspond to approxi- 
mately one mm. difference in length. If both feet of the hotter 
frame are rigidly bolted down to points of the cooler bedplate, a 
distortion of the frame will result; if only one foot is rigidly 
fixed, a shifting of the stator center will occur. 

Another factor is the clearance between shaft and bearings. 
Even with perfectly new bearings this clearance can be measured 
by tenths of a millimeter. While the machine 1s at rest, the oil 
is squeezed out from underncath the shaft, and all the clearance 
will be between the top part of the shaft and the upper bearing 
shell. In this position the machine is erected and centered. 
When the machine is running, the bearing is flooded with oil and 
the clearance divides equally around the shaft. Very frequently 
of course, imperfect erection, a bending of the shaft or slight 
subsidence of the foundations with consequent distortion of the 
bedplate may be the cause of a displacement of the rotor and 
stator centers. 

We shall now investigate the case of a rotor and stator each 
with a cylindrical surface, but with the centers displaced by an 
amount x (the eccentricity). Without displacement, the radical 
airgap would have a constant value g. The diameter drawn 
through the two centers we shall call "symmetry diameter”. 
Assume, first of all, a multipolar machine with salient poles, all 
the exciting coils giving the same number of ampere-turns. [п 
the symmetry diameter the airgap will in one place be reduced 
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to g — x, in the opposite place increased to g + x. At points, 
the radius through which describes an angle 0 with the symmetry 
diameter, the iricrease or reduction of the airgap will be, with 
close approximation, x . cos 0. At right angles to the symmetry 
diameter the increase or reduction will be practically zero. ` 
The flux emitted by one field pole returns through the contig- 
uous halves of the neighboring poles. In a bipolar machine 
the flux of each pole is the same in spite of airgap differences; in 
a multipolar machine the poles of one half of the machine will 
carry a greater flux than those of the other half, unless the 
winding arrangements prevent this (Equalizing connections). 
These apart, the flux of each pole will be different from that of 
the others, dependent upon the local airgap. Poles in the 
diameter at right angles to the symmetry diameter will carry the 
normal flux, for their neighbor B 
poles in the one half (with 
reduced airgap) will tend to in- 
crease their flux just as much as 
those in the other half (with in- 
creased airgap) will tend to 
reduce it. The result is that in 
a multipolar machine each pole 
may be considered as if it would 
create its own flux and not be 
dependent upon adjacent poles. 
We assume the machine is excited to give, with the mean air- 
gap, a flux density B lines per sq. cm. of pole face. Where the 
airgap is reduced to g — x, the density will have a greater value 
B4, and where the airgap is increased to g + x, a smaller value 
B,. The first gives a greater magnetic pull in one direction 
than the second in the opposite direction, and the difference of 
the two pulls or the “local unbalanced pull" in kilograms рег sq. 
cm. of the pole surface is given by the formula 


CEA ue) 8) 9 

(5000 5000 ` ( 5000 /- ( 5000 4) 
It is easy to determine the flux densities B; and B,, if the mag- 
netic characteristic of the machine is given. In Fig. 2 the 
abscissae H of the curve represent the exciting т.т. per pole, 
while the ordinates B, represent the flux density per sq. cm. of 
the pole face, with the normal airgap. ON = K M represents 
a certain m.m. f., required to produce the induction B. OG is 


Fic. 2 
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the “airgap line", the portion K L representing the m.m.f. 
required for the magnetization of the air-gap g, the part L M the 
m.m.f. for the magnetization of the iron. The real existing air- 
gap, however, is not g but is g + x in one case and g — x in the 
other. We draw through О two lines OY; and OY, such that 
for any induction B (= N M), К, L represents the m.m.f. re- 
quired for the airgap g + x and K; L the m.m.f. for the airgap 
g— x. Wethen draw through N two lines respectively parallel 
to these new axes О Y, and OY». The points M; and М where 
lines so drawn intersect the magnetization curve then give the 
actual airgap densities B, and В; under the poles with the іп- 
creased and with the reduced airgap, for a given excitation O N, 
because 
hi М, = ha Мұ = ON. 

Fig. 3 is a repetition of Fig. 2 without 

unnecessary lines. 

In general, the abscissae of the 
lines O Y, and O Y, (Fig. 2) will bear 
to the abscissa of OG for the same 
flux density very nearly the ratio of 
the displacement x to the airgap 
length g. Only if the displacement is 

H very great compared with the average 
airgap and if the machine has open 
slots, will the  proportionality be 

markedly disturbed due to the well known crowding of the 
lines in the airgap near the teeth. Thus, if teeth and slots have 
equal width and the normal radial airgap is equal to half the 
width of the slot, then in the extreme case of a machine pulling 
hard over, the abscissa of the line O Y, will be equal to about 

0.85 of the abscissa of the line O Y; which latter one, of course, 

then coincides witli O Y. 

For small displacements, O У, and О Y, can always be drawn 
symmetrical with reference to the ordinate, and their m.m f. for 
a given induction B is approximately + х. B, where the displace- 
ment x is measured іп centimeters and the m.m. in gilberts 


(4o. ampere turns} 
10 SPST 


In formula (2) there appears the sum and the difference of the 
two inductions В, and Bı. In Fig. 4 the part M,M M, of Fig.2 
is drawn on a greater scale and also the chord М.М: which cuts 
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the ordinate of point M in m. The chord describes with the 
horizontal an angle а. The difference В. — B, is in the figure 
represented by 


P,P2=P\im+mP,.=(M,Pi+ Р, My) : tana 


М, Р, and Р, М, are the abscissae of the x characteristics for 
inductions B, and B; respectively, are therefore equal to x B, 
and x Bə. We therefore have 


В. — В, = (Ba + B,)-x- tan w 
and the formula (2) can be written in the form 


( Bs + Bi 

5000 

If x is not very great, the sum В. + B, 
can be accurately replaced by 2 B, and the 
angle which the chord forms with the hori- 
zontal can be replaced by the angle formed 
by the tangent in point M with the horizontal. 
Tan о is then the gradient of the curve in 
point M and can be expressed as a differential 


2 
) -x tana 


B РЕ 
quotient me or the ratio of an infinitesimal 


dH 
increase in induction to the increase in m.m.f. Fio 4d 
causing it. | 
The unbalanced pull in kilograms per sq. cm. 15, therefore, 
2 2 
B B dB 
4 (50) - = апа = 4 (505) "um (3) 


The expression x - d B in formula (3) represents also the m.m f. 
necessary to produce an increase d B in induction in an airgap x, 
while d H represents the m.m.f. per pole necessary to produce in 
the magnetic half circuit of the machine with the correct airgap 


| E | :dB . 
the same increase d P in induction. The ratio 2 lH 15 there- 


fore a ratio of magnetomotive forces and can also be replaced by 
the ratio of the corresponding ampere turns; ampere turns re- 
quired to drive through the airgap x an infinitesimal increase d B 
in flux density, divided by the ampere turns per pole required to 
drive through the magnetic circuit of the machine with the cor- 
rect airgap the.same increase in flux density. 

Looking closer into the approximations which we introduced 
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in formula (3), we find: If x is large and if the magnetization 
characteristic were a straight line (Fig. 5), the sum В, + B, 
would actually be greater than 2B. In Fig. 5 the value BD 
is shown dotted in. If, however, the characteristic is strongly 
curved (Fig. 6), Bz + B, will be slightly smaller than 2 В. For 
hard pulling over, when x reaches the greatest possible value, 
the saturation will in any case be high enough that the curvature 
of the characteristic is marked. We are therefore certain that, 
on this score, formula (3) does not give too low values for the 
extreme case. 

А very important question is, now: How does the expression 
of formula (3) change with growing excitation? The first part 
of almost every magnetization curve is a distinct straight line 
going through the origin of the ordinates. For every straight 


line characteristic, whether or not going through the origin, the 


gradient -77 is constant, the unbalanced pull therefore will 


grow with the square of the induction B. · As soon, however, as 
dB 
ан 


will constantly diminish, and the question is how to find the 


the saturation of the iron parts is noticeable, the quotient 


induction B for which the product В? - 22. isa maximum. In 


Fig. 7 a graphical procedure is shown. For a point M of the 
saturation curve J the ordinate В = NM is drawn and a line MP 
perpendicular to the direction of the curve in point M. The 
angle N МР is identical with the angle о formed between the 
curve in point M and the horizontal. 
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dB 
dH 
NP = М М јап а = Btan а 
and the area of the triangle N М P is 
В: dB 
2 dH 


If such triangles are drawn for different points of the curve, the 


{апа = 


1 
ә B B. tan e = 


: : . : B 
triangle area will be propcrtional to the function В?. d 


JH for 
the various points. 
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In order to obtain a curve representing the magnetic pull for 
every excitation, it is now only necessary to replace all the tri- 
angles N P M by others which have a suitable arbitrary base 
N R. Connecting R with M and drawing a line P S parallel to 
R M, it follows from the elements of geometry that the triangles 
N P Мапа N R S are equal in area. (The line К S of the latter. 
triangle is not drawn in Fig. 7). N S is therefore a measure of 


the function B? . a The scale is determined by the base N K. 
If the construction is repeated point for point (for a second point 
m the construction is shown), we obtain the bold line curve II 
in Fig. 7, the first part of which, corresponding to the straight 
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portion of the magnetization characteristic, consists of a parabola 
with vertical axis. Nearly immediately as the magnetization 
characteristic begins to bend, the curve of the pull reaches its 
maximum and from then falls steadily. 

This teaches us a thing of the utmost importance. In salient 
pole machines which are not entirely unsaturated, it is not suffi- 
cient to calculate the unbalanced magnetic null for a high excita- 
tion. The “critical” excitation for which the unbalanced 
magnetic pull is a maximum, is reached at the very beginning of 
the “knee” in the magnetization curve; as generators and 
motors must be able to stand abnormal changes in voltage, the 
unbalanced magnetic pull must be calculated for this critical 
excitation. 

In some machines, exciters for instance, and also turbo-genera- 
tors with cylindrical fields, very high saturation occurs in a 
small part of the magnetic circuit (saturation plates or teeth), 
before appreciable saturation occurs in the other parts of the 
magnetic circuit, and in this case, after a very short initial 
straight part, a nearly continuous bending of the saturation 
curve or even two distinct bends can be observed. At even very 
small induction the curve bends, (the saturation plates becoming 
saturated), then there 15 a straight line characteristic and then 
there 15 a second bend, (when the saturation of the iron circuit 
as a whole becomes marked). In this latter case the straight 
line characteristic does not go through the origin of the co- 
ordinates. The first bend may cause a local maximum of the 
unbalanced pull, that is to say, a point higher than the neighbor 
points, but the important maximum occurs at the second bend 
of the characteristic. The “short cut” explained later on for 
the determination of the “critical induction” does not refer to 
these cases. The character of the unbalanced pull as shown in 
the bold curve II of Fig. 7 is obtained for most electric machines. 

It 15 not necessary really to construct the whole curve of 
unbalanced pull, point by point. А few points at the end of the 
straight line and at the beginning of the curved characteristic 
are sufficient. What we are interested in is only the maximum 
value of the unbalanced pull and this is, with such characteristics, 
obtained immediately after the straight line part of the satura- 
tion curve is ended. The only task is. then, to find an official 
“terminus” of the straight line part. 

A rule which the author suggests and which seems to give 
sufficiently accurate results, is to draw a tangent to the saturation 
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curve with a gradient equal to 5/6 of the gradient of the straight 
part of the curve. In Fig. 8 the simple construction is shown 
for the characteristic of Fig. 7. Through the origin a line OZ 
is drawn which has an ordinate of 5000 for the same abscissa for 
which the straight line characteristic has an ordinate of 6000. 
T U is the tangent parallel to О Z; the point of contact with the 
curve is T. V, the point on the extended straight line, which 
has the same ordinate B, as T, is what we will call the end point 
or terminus of the straight line characteristic. 

We now see the two factors which enable us to reduce in a 
machine with fixed principal dimensions the unbalanced mag- 


netic pull caused by a definite displacement. The first is to 


increase t he airgap, because for the straight part of the 


dB 

dH 
magnetization curve 1s very nearly in inverse proportion to the 
airgap. The second means, however, is to reduce the iron 
section, for example that of poles and teeth, because that causes 
the saturation characteristic to bend earlier, or in other words it 
cuts short the straight part of the magnetization curve. 

Up to now we have calculated the radial unbalanced pull per 
sq. cm. for an eccentricity x. The eccentricity changes in a 
quadrant from x to zero according to the expression x cos 0. 

The radial magnetic pull per sq. cm. in the different parts of 
a multipolar machine will therefore be very nearly proportional 
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to x cos 0 and the component of this pull, working along the 
"symmetry diameter” wili be proportional to x cos 0 : cos 0 
= x cos? 0. 

In machines with a number of poles divisible by 4, we may 
always consider together two points, separated by a full quadrant 
one with an angle 0, the other with an angle (90 deg. + 0). The 
sum of the components of these pulls per sq. cm. is 


В | 
4. (ж) : т - [x cos?@ + x cos? (90 deg. + 0)] 


= 4. ox) 48 
= (50% Хан” 


ї=0 20 40 60 80 100 120 140 


as cos (90 deg. + 0) = — sin 0 and therefore cos? 0 + cos? 
(90 deg. + 0) = 1. 

In such machines we can therefore always find two pole pairs 
which, taken together, develop the same unbalanced pull as a 
single pole of identical dimensions and induction, the axis of 
which is parallel and the pole face of which is perpendicular to 
the symmetry diameter. 

In a six pole machine three pole pairs together develop 1$ 
times the unbalanced pull of an imaginary pole pair with an axis 
parallel and a pole face perpendicular to the symmetry diameter, 
as is proved by the following consideration: 

Inasix-pole machine we can consider at the same time three 
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places with angles 0, 60 deg. + 0, 120 deg. + 0, and we have 
cos? 0 + cos? (60 deg. + 0) + cos? (120 deg. + 0) 


14-cos20 1 + cos (120 deg. + 2 0) 
mee А s 
2 2 
1 + сов (240 deg. + 2 0) 3 
Se И Сы ЖЕЕ: 
2 2 
The same investigation for a machine with 10, 14.....poles 


would confirm that the total unbalanced pull can be calculated їп 
all multipolar machines, as 1] the airgap were reduced by an amount 
x tn one quarter of all the poles, and increased by x in another 
quarter of all the poles, and left alone 1n the remaining two quarters. 
As poles of electric machines are symmetrical, there is no diff- 
culty in calculating the pull belonging to one half pole. 

The total unbalanced magnetic pull Fx of the whole machine 
will therefore be obtained, if we multiply the pull per sq. cm. 


from formula (3) with 2-4 , or one quarter of the total pole 


face area of the machine. 


2 | 2 
_ РА. (с) - dB _ ICE dB 
EE те (o кел PA Po ан 44 


Let us call В, an induction, situated on the extension of the 
straight line characteristic, which gives the same magnetic pull 
as is actually obtained by the "critical" induction. In reality 
B, wil be slightly smaller than the critical induction, but we 
shall speak, with a small inaccuracy, of B, as critical induction. 

For the straight line part of the characteristic, going through 
the origin, we can replace о by ae or EN if 

; dH E H I 
Tx stands for the ampere turns required to produce in an air- 
gap x any flux density within the straight line characteristic and 
I circ, stands for the ampere turns per pole, required to produce 
in the magnetic circuit of the machine with the correct airgap 
the same flux density. 

The formula takes therefore the following simple form: 


(5) 


2 
А В, Tx 
^s i ds | (оф) | Le 
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or 
2 


В» x 
if g1 is the “virtual airgap’’, that is to say, an airgap which 
would take, for an induction within the straight line characteris- 
tic, as many ampere turns as the real airgap and the iron path 
of the magnetic half circuit together. 

For machines with small airgap, as induction motors, the 
"virtual airgap” is appreciably higher than the real airgap, say 
` 80 per cent higher or more; while in generators, especially turbo- 
generators, the virtual airgap is nearly equal to the actual one. 

Instead of the total pole face area 25A, we may substitute 
the cylindrical field surface c - Т. DL, if с represents the ''pole 
factor" or ratio of the pole arc to the pole pitch, D the diameter 
and L the effective length of the field (air ducts, if any, excluded). 


'T he formula is then written 
2 


В, x 
= c- m DL- (505) ` (6a) 


The factor c is mostly in the neighborhood of 2/3. 

The magnetization curve I shown in Fig. 7 is a reproduction 
of Fig. 347 from Miles Walker's book. The machine in question . 
is an alternator with 40 poles, each with a pole face area of 650 
sq. cm. The radial airgap is 0.51 cm. 


2p = 40 A = 650 g = 0.51 ст. 


The curve II of the unbalanced pull shows that the maximum is 
1.02 kilograms per sq. cm. for a displacement of 0.1 cm. The 
scale for the “pull curve” II is marked on the right of Fig. 7 and 
it can be verified by figuring the pull for any particular induction 
on the straight part of the magnetization characteristic. Taking 
the simpler form of the determination of the maximum (Fig.8) 
we obtain the critical induction B, = 6300. The straight part 
of the line goes through a point with an ordinate B = 4300 and 
an abscissa H = 2500. The ratio 


x- dB Tx _ 4300-x 


Tuae 


dH 1, 2500 


The maximum radial unbalanced pull per sq. cm. is therefore 
according to formula (3) 
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2 2 
B.Y dB  , (6300 mv 


or for a displacement of x = 0.1 cm., 1.08 kilograms. 

This method of calculation gives here a result 6 per cent high, 
which is entirely satisfactory. It is, of course, not necessary to 
calculate at first the force for one sq. cm. Formula (D) gives us 
direct the unbalanced pull for the whole machine 


6300 
5000 


В, 2 T, 


= 2A - (55 га = 40.650. (5000 


SLi 1.72. 0.1 


= 7100 kg. 


If we had used formula (6) instead of formula (5), we should 
have obtained at first from the straight line characteristic 

_ 2500 
81 = 4300 


the actual airgap) 


2 
В. \ х 6300\° 0.1 
i e (55) : iad (4%). 0.58 


— 7100 kg. 


It may be mentioned that Walker figures for the machine in 
question, which works with a normal airgap density of 9160, an 
unbalanced pull of 5400 kilograms. If we make the calculation 
in our way for normal saturation, we should also get approxi- 
mately the same result. But, as our investigations have shown 
the normal induction does not give the greatest pull, which 
must be considered by the designer. 

The flux density in the most saturated iron parts (sheet steel) 
corresponding to an airgap density of 6300 is not more than 
about 11,000 to 13,000 lines per sq. cm. 

A salient pole machine with given dimensions of the iron parts 
and with a given airgap experiences for a certain displacement 
the greatest unbalanced pull with an excitation, which is, as 
a rule, well below the normal working excitation. There is a 
passage in Walker's book, which, although it was most likely 
correctly understood by its author, is apt to be misleading. 
Walker says on page 56 that in large alternators with a great 
number of poles and a small airgap, the flux density in the gap 
must be limited to a moderate value, such as 50 kilolines per 
square inch (7750 lines per sq. cm.) to keep the unbalanced pull 
down. Most designers believe indeed that in a given machine 


— 0.58 cm. (1. e. 0.07 cm., or 14 per cent greater than 
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with fixed iron dimensions the unbalanced magnetic pull is 
reduced by lowering the saturation. This is contrary to the 
result of our investigation, (unless the induction be reduced below 
the end point of the straight line characteristic.) As long as the 
iron dimensions are not changed, the flux density may be in- 
creased to any desired value, and the effect will in fact be a 
reduction of themagnetic pull at the normal voltage, although the 
possible maximum unbalanced pull which has to be considered 
for the mechanical design remains the same. "The unbalanced 
magnetic pull can only be reduced by a reduction of the flux, if 
a reduction of the iron sections goes hand in hand with the flux 
reduction. 

II. Multpolar Machines with Distributed exciting Winding. 
Up to the present we have considered machines with salient poles 


II-PULL PER CENT 


40 60 80 
“PER CENT OF POLE ARC 
FiG. 10 


in which the induction over the whole pole face would be constant 
but for the displacement of the rotor and stator centres. Inthe 
case of induction motors, however, and turbo-alternators, the 
induction changes gradually from zero to a maximum. At first 
we shall deal with multipolar machines of this description. The 
rule already arrived at, that the unbalanced pull is the same as 
if the airgap had been reduced by the full amount x in one 
quarter of the poles and increased by x їп the opposite quarter 
holds good, from its derivation, also for machines with distribu- 
ted winding. 

Let us assume that the curve I in Fig. 7 represents the curve 
-of the airgap saturation of such a machine, while the ordinates 
of the bold line curve II represent the magnetic pull in kilograms 
per sq. cm. for a displacement of 0.1 cm. The induction over 
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the pole face may change according to a straight line law, (I. in 
Fig. 10), if the machine is entirely unsaturated and if the exciting 
winding (in case of turbo-generators for instance) is equally 
distributed around the whole pole face. These two conditions 
are hardly ever fulfilled, but the case forms a starting point. For 
every induction of curve I in Fig. 10 the magnetic pull per sq. 
cm. can be taken from Fig. 7 and so we obtain as curve represent- 
ing the local pull over the pole face the bold line parabolas II in 
Fig. 10. The average value of the pull taken over the whole 
pole face is in this case exactly 1/3 of the value corresponding 
to the maximum induction. The area of the dotted rectangle III 
in Fig. 10 is equal to the area enclosed by the base and the double 
° parabola. This, however, does not represent by any means, the 
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maximum unbalanced pull possible in this machine. In Fig. 11 
the field form I and the “pull curve" II are drawn for the case 
that the induction in the center of the pole is increased to 10,000. 
The average value of the pull, line III, 15 here 66 per cent of the 
maximum value. А full review of the possible changes in the 
average value of the pull is given in curve III of Fig. 12. Iand II 
in Fig. 12 are repetitions of the curves I and II in Fig. 7. The 
ordinate of curve III for any given abscissa gives the average 
value of all the ordinates of the pull curve II starting from the 
abscissa О up to the abscissa in question. As long as the pull 
curve II follows the law of a parabola, the ordinates of curve III 
are exactly 1/3 of those of curve П. The further points аге 
obtained by point to point calculation. With this curve it is quite 
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easy to give the average value of the pull over one half pole (and 
therefore over the whole pole), if the total m.m.f. per pole or the 
highest induction is known. The curve III has a maximum of 
about 66.5 per cent of the maximum of curve II for a highest 
induction of 10,500 lines per sq. cm. The curve III is very 
much flatter in its upper part than the curve II and its ordinates 
exceed 60 per cent for abscissae varying from Н = 6250 to 
Н = 12,000. In a machine with distributed winding there 15 
not by any means the marked falling off of the unbalanced 
magnetic pull, after a certain comparatively low induction 15 
reached. On the contrary, the magnetic pull remains very 
nearlv constant over a wide range of possible inductions. 


5 
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As a rule, the winding in turbo-generators and induction mo- 
tors is distributed so as to give a more sinusoidal shape of the flux. 
For instance, the middle third of a pole face is left without 
exciting winding, and the winding is only distributed in the first 
and third part of the pole. If rotor and stator are slotted evenly 
all around the periphery, as is the case in induction motors, a-c. 
commutator motors and sometimes also in turbo-generators, the 
field form can be represented by curve I in Fig. 13, while curve II 
shows the local pull and the dotted straight line IV the average 
value of the pull in this case, the area of the dotted rectangle IV 
being equal to the area enclosed bv curve II and the base. It 
is quite easy to determine the average pull value over the pole 
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for any saturation by combining the curves II and III in Fig. 12. 
It is shown as an example for the abscissa ON, which corresponds 
to an induction N I (curve I). Two thirds of the pole have an 
induction gradually rising from zero to the value mentioned before. 
The average value of the pullin this part is given by the ordi- 
nate N III. One third of the pole face has a constant induction 
N I, its pull per sq. cm. being represented by the ordinate / II. 
To get the average over the whole pole, we take 2/3 of N III 
and add 1/8 of N II, thus obtaining the ordinate NIV. The 
distance ПІ · IV is one third of the distance III. II. If we 
know the maximum value of the induction or the total m.m .f. 
per pole, the ordinate of curve IV gives at once the average value 
of the pull for this field form. A value of 2/3 of the peak ordinate 


PER CENT OF POLE ARC 
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of curve II is in the example of Fig. 12 already obtained for an 
induction of approximately 7700, the highest value of IV 15 70.5 
per cent of the peak value of II and corresponds to an induction 
of 9300; the line of 2/3 is reached again for an induction of 
10,500. 

Other magnetization curves were investigated by the author 
and a slightly higher value was found for the maximum pull of a 
pole with such distribution of winding. 

We can very well say, in a machine with a field slotted all 
round and a distributed exciting winding, the unbalanced mag- 
netic pull for a given displacement remains very nearly constant 
with saturations as thev are practicallv applied, and it 1s approxi- 
mately 2/3 of the value which would be obtained, if the whole 
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active aylindrical surface of the rotor were equally excited, so as 
to give the "critical induotion'". In semi-closed-slot rotors the 
active rotor surface is very nearly equal т. DL, L representing 
the effective length, after deduction of airducts. For such 
machines we can therefore use the formula obtained for salient 


pole machines 
2 


Fe = с: DL. (505) ` — (6a) 
the value of c or “pole factor” being roughly 2/3 for closed-slot 
rotors. Іп а salient pole machine we have called ''pole factor” 
the ratio of the pole arc to the pole pitch and this value as a rule 
is also about 2/3. The maximum unbalanced pull in a machine 
with a field slotted all round and with distributed winding 15 there- 
fore approximately equal to the maximum pull in a machine with 
salient poles having a pole factor of 2/3. 

With open-slot rotors (turbo fields) the surface т D L should 
be reduced by the area of the slot openings. It must be born in 
mind, that, with the reduction of the surface, goes hand in hand 
a nearly proportional increase of the value of B,, the critical 
airgap saturation, because the saturation curve starts to bend 
when the tron saturation, and not when the airgap induction, 
reaches a certain value. As B, appears in the second power, an 
open-slot rotor will give a slightly higher value for the unbalanced 
pull than the closed-slot rotor. 

To get an accurate result in turbo-generator fields which are 
not slotted in the middle part of the pole, two magnetization 
characteristics should be considered: The one for the solid part 
(say 1/3 of the pole width) with the highest induction, and the 
other for the slotted part, with induction grading down to zero. 
The critical induction of the slotted part will be appreciably 
lower than that of the solid part. The unbalanced pull contri- 
buted by the slotted parts, will only be about half of that con- 
tributed by the solid part. The latter corresponds to a salient 
pole with а pole factor 1/3. The factor for the whole machine, 
if B, for the solid part only is put into the formula, will then be 
about 0.5. | 

On the other hand, it is possible to adhere to our accustomed 
pole factor 2/3, if one constructs a mean magnetization curve 
about the average between that of the slotted and that of the 
plain part and considers the В, and g, of this mean curve. 

The case is similar to that of a salient pole with graded airgap. 
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ПІ. Salient Pole Machines with Graded Airgap. Often in 
salient pole machines the airgap is not constant but a minimum 
in the middle of the pole and increased gradually towards the 
tips. The induction therefore cannot reach the critical value in 
all parts of the pole face at the same time. The maximum pull 
will not be reached when the middle part of the pole has the 
critical induction, because it would mean that all the other parts 
have a lower induction and therefore contribute an appreciably 
smaller magnetic pull than the maximum. It will be just as in 
machines with distributed winding, that the maximum resulting 
pull is obtained with a higher saturation in the pole center and 
that the upper part of the curve, representing the magnetic pull 
dependent on the excitation, 1s flatter than for a machine with 
constant induction over the pole face. Ifin one part of the pole 
the induction reaches the critical value, this part gives the maxi- 
mum pull. The parts from there to the corner which have lower 
values of induction, give a much smaller pull per sq. cm.; the 
parts towards the center of the pole with higher inductions also 
give a pull below the maximum, but not falling so rapidly. If 
the excitation is increased, the point of the critical induction will 
shift towards the corner, increasing the pull of the corner parts 
and reducing that of the center parts, so that the total change 
in pull is not so very marked. If the excitation is lowered, the 
critical induction will shift more towards the center, increasing 
the pull there and reducing the pull of the corner parts. In 
general, it will be possible to change the excitation within com- 
paratively wide limits without very great change of the resulting 
unbalanced magnetic pull. The calculation of the greatest value 
of the unbalanced pull can be made, with sufficient accuracy for 
practical purposes, as if the airgap (without displacement of 
the rotor center) had a constant mean value. 

IVa. Bi-Polar Salient Pole Machines. In multipolar ma- 
chines the flux leaving the field at a place where the airgap is 
reduced by the eccentricity, also returns into the field in a place 
where the airgap is reduced. The sum total of all the fluxes 
taken over one-half of the machine will therefore be greater than 
the sum total of all the fluxes taken over the other half of the 
machine. 

The same possibility exists in a two-pole machine, if the 
eccentric displacement is at right angles to the field axis. In Fig. 
14 this case is shown. A rotor is assumed with salient poles 
built in the manner of the Siemens H armature, with one exciting 
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coil, the pole face covering a greater arc than is usual in actual 
machines, but presenting a distinct neutralzone. The field axis 
A A, has a distance x from the stator center. It is clear that in 
this machine, lines of force leaving the left corner of the upper 
pole, marked 1, will after passing through the armature, re-encer 
the field at the left corner of the lower pole, marked 4, while lines 
leaving the field at the right hand corner 2 of the upper pole will 
re-enter at the right hand corner 3 of the lower pole. In the half 
machine on the left side of the axis A A, the airgaps are through- 
out smaller than on the right side, and as the two sides represent 
two parallel magnetic paths with different reluctance, the total 
flux on the left side will be greater than the total flux on the other 
side. This case is similar to that of a multipolar machine except 
for the fact on the one hand that through the neutral zone a 


Fic. 14 ; : Fic. 15- 


considerable part of the magnetic pull is cut out, while on the 
other hand the saturation of the stator and rotor cores is hardly 
influenced by the unequal distribution of the flux in the two 
machine parts. In order to find out the ajrgap densities В, and 
В, corresponding to a certain displacement x, a magnetic charac- 
teristic of the airgap, teeth and pole tips should be drawn, 
excluding the ampere turns required for the cores, and therefore 
the critical induction B, will be higher and the local unbalanced 
pull resulting from the eccentricity will be greater than it would 
be if the magnetic characteristic of the whole machine had to be 
considered. . 

- A different state of idis exists if the rotor center is displaced 
with regard to the stator center by an amount x in the direction 
of the field axis. (Fig. 15). Although the airgap in the left 
half is smaller than in the right half, the total flux must be equal 
in both halves, if no flux can return through the neutral zone. 
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The lines of force pass in series through the smaller and the larger 
airgaps. The only effect of the eccentricity will be a different 
distribution of the flux over the pole faces. Let us assume for 
simplicity's sake that the rotor in a central position the airgap 
induction over the whole pole face would be equal. "Then it is 
clear, that with the rotor shifted as in Fig. 15 the flux density 
will be a minimum in the center A of the right pole, where the 
airgap 15 a maximum, while it will increase gradually to the 
corners 1 and 2 of the pole. In the left pole, however, the flux 
density will be a maximum in the pole center A, and will grade 
down towards the corners 3 and 4. Therefore, considering a 
square centimeter in the middle А of the right pole and one in A, 
of the left pole, there will indeed act on the rotor an unbalanced 
magnetic pull directed to the left. 

The airgap changes, going in a quadrant from the horizontal 
to the vertical position, in the left half from the value g — x to 
nearly the value g; in the right half from the value g + x to 
nearly g. The average values of the airgaps in the left and right 
halves are about g — 0.7 x and g + 0.7 x respectively. 

Within the sector 5- O- 6 shown in Fig. 15 the flux density 
will be greater, and in the corner parts 3 and 4 smaller than the 
average. In the opposite sector 7. О. 8 the flux density will be 
smaller, and in the corner parts 1 and 2 greater than the average. 
The sectors mentioned will contribute an unbalanced pull directed 
to the left, the corner parts a smaller component directed to the 
right. It is clear that the total unbalanced pull in this case is 
smaller than in the case of Fig. 14. А two-pole rotating field 
will therefore, if its center is displaced with regard to the stator 
center, experience an unbalanced pull which changes twice during 
a revolution from a maximum to a minimum value. 

In practise, a salient pole of a two-pole machine, covers about 
120 deg. In the case corresponding to Fig. 14 (displacement 
parallel to the neutral diameter) the limits for O from 1 to A are 
30 deg. and 90 deg. or 7/6 and 7/2. Ап element of the surface 
covering an infinitely small angle d 0 has an area % DL -d 0. 
The component of unbalanced pull in the horizontal direction 
contributed by this element is 

2 


l B, ав  , 
501.484: (5065) «x HT cost 6 
2 
_ 1 Bn x 2 
Sg а, (890) таны 
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The integration is to be made from 4- 30 deg. to 90 deg and from 
— 30 deg. to — 90 deg., or the integration made from 30 deg. to 
90 deg. must be doubled. This gives 


B | х l 
4 DL - (za) ° idee 

D 

The value of the integral is - + n E 0 taken between above 
limits, or = — EN = 0.307. Therefore 
(Fx) next. = 1 ‚228. DL . gi 
° x 

= 0.39. r DL . ( В" con) ЖЕТ (Ta) 


The pole factor is here 0.39 instead of the accustomed value of 2/3 
We sce that the unbalanced pull in case of a two-pole salient 
pole turbo-rotor with 120 deg. pole angle is only 59 per cent of 
that of a multipolar rotor of the same dimensions and total pole 
area, provided that the critical induction and the virtual airgap 
are the same in both cases. 

IVb. Bipolar Salient Pole Machines with Interpoles. Bipolar 
salient pole machines are used mainly for continuous current, 
while for two-pole turbo-alternators the cylindrical field and 
distributed winding is the rule. 

If there are interpoles in a two-pole constant- current machine, 
the total flux of one main pole can be different from that of the 
other main pole, and the case of Fig. 15 requires a revision for 
such machines. If, for example, the airgap of the north pole is 
smaller than that of the south pole, there will be a greater flux 
in the north pole and the difference in flux will return through 
the iron of the interpoles, creating in the latter ones south mag- 
netism, whereas normally they would be neutral as long as the 
armature gives no current. The two interpoles together carry 
the difference between the actual fluxes of the main poles. One 
interpole carries the ''excess flux" viz. the difference between 
the greater flux and the average flux. In a four-polar machine 
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which has poles in and at right angles to the symmetry diameter, 
no m.m.f. is required to drive the excess flux back, for in that 
case there is, for instance, just as much increase of flux in the 
upper pole as reduction of normal flux in the lower pole. Inthe 
present case, however, a certain amount of m.m.f. is required for 
the return of the excess flux through the interpole. This will 
depend mainly upon the section of the interpole and the airgap 
under the inferpole. In a multipolar machine one per cent 
vertical displacement causes one per cent excess m.m.f., there- 
fore one per cent excess flux in the one pole and likewise one per 
cent deficit flux in the opposite pole. Here one per cent excess 
m.m.f. has to drive the excess flux not only through the upper 
airgap, main pole and half yoke, but also through the interpole. 
If the magnetic reluctance of the interpole were equal to that of 
the main pole, the percentage of the excess flux would obviously 
be one-half of the percentage of excess m.m.f. Ву introducing 


25 instead i for x : т in formula (3). 
we would obtain the local radial pull for a displacement in the 
direction of the field axis. In general we may introduce the 
idea of a "phantom interpole airgap” (Symbol g2), or the airgap 
length of an imaginary interpole with the same section and pole 
tip as the main pole, which would require the same m.m.f. for 
the passing of a certain flux as the real interpole. While gi is 
only slightly greater than the real main pole airgap g, the phan- 
tom gap g» will be a multiple of the real interpole airgap, if the 
section of the interpole is only a fraction of that of the main pole. 
Introducing g, + ge instead of gı, we obtain the element of 
the unbalanced pull component parallel to the field axis for an 
induction Bm: 


‚ cos? Ө 


+ DL. 40.4. (22) = 


We assume a pole factor оЇ?/ or a pole arc of 120 deg. Тһе 
total unbalanced pull therefore is given by integrating twice 
between О and 7/3 


+ 
m ; i x 9 
(Fx)axis = 4 DL. (б ° E 0 .d 0 
0 
0 sin 2 0 


The solution of the integral is 7 + , taken between 
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above limits, that is F + id = 0.740 


(Fs)oxis = 2.96 DL. £r £1 TEC 82 


2 
В, x 
= 0.94 v DL - (005) ЕТЕУ (7) 


If go is larger than 2g, (generally it 15 larger), the pull calculated 
according to this formula is smaller than the pull due to a dis- 
placement at right angles to the field axis, formula (Ta), which 
is for interpole machines the same as for other two-pole machines, 
as long as the armature gives no current. 

V. Bipolar Machines with Cylindrical Field and Distributed 
Winding. The case of bipolar cylindrical fields lends itself to 
easy mathematical, treatment, if we assume an entirely unsatu- 
rated sine-shaped field and a rotor and stator slotted evenly 


2 in formula (3) is then constant 
dH 

and can be replaced, for a displacement in the direction of the 
neutral diameter, by х/рі. The induction at any point, (starting 
to count the angle 0 from the neutral diameter bb, in Fig. 16) is 
Bsin 0. For a displacement x in the direction of the neutral 
diameter the unbalanced pull is 


around the periphery. x- 


(Ех) „еши. = [+ DL-d@-4- ae 2 ‚ cos? 0 
1 


В : x i 
= ° — е — . 1 2 2 e 
4 DL (5) x IE б cos? 0 . d Ө 
0 


В b E 


- +: r DL: (= 


For a displacement in the direction of the field axis, the condi- 
tions are in principle the same as in two-pole machines with 
interpoles; the phantom airgap of the interpole can be regarded 
here as equal to the virtual airgap of the main pole. We write 
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2 2, instead of g, + ра and consider further that, if we start to 
count the angle from the field axis, the local induction is B cos 0. 
The unbalanced pull is then 


L f 


2 
" 1 В cos б\ х 
ш = 2 | орао (eut) Pr * COS 0 
0 


In this case, a displacement in the 
direction of the field axis would 
actwally cause a greater unbalanced 
pull than a displacement in the neu- 
tral diameter. The upper limit for 
B in these formulas would be В„ and 
we obtain pole factors of 0.25 and 
0.375 respectively. The relation of 
these pulls changes, however, if we 
increase the saturation. As long as 
the induction is on the straight line 


characteristic, В? · is highest for the point a in the field axis 


dB 
dH 
(Fig. 16); this point contributes, for a displacement in the 
direction of the axis, the full value of its radial pull as 
vertical component; for a displacement in the direction of 
the neutral diameter, the horizontal component of the radial 
pull is zero. If, however, we increase the saturation above 


B,, than the point of the maximum Ве. SF will shift 


the farther away from the ficld axis the higher the saturation 
goes, and the horizontal component of this maximum pull will 
grow, while the vertical declines. | 

As here the saturation curve comes into play, we shall abandon 
the analytical treatment and the assumption of a sine-shaped 
field and return to a field form like that represented in Fig. 13. 
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It is clear to us from the beginning that to obtain the highest 
possible unbalanced pull for a given displacement in the neutral 
diameter, we shall have to choose the excitation high, so as to 
obtain the value B, already for a small angle 0, the cosine of 
which is near unity. 

A four pole machine with winding distributed evenly over the 
whole surface and with a zero value of field зп the horizontal has a 
field maximum under an angle of 45 deg. to the horizontal. The 
maximum pole factor for such a machine was 66.5 per cent for 
the saturation curve of Fig. 12. By far the greatest part of the 
magnetic pull, caused by a displacement in horizontal direction, 
is contributed by the rotor zone lying between 0 deg. and 45 deg., 
and if we are free to choose the induction of the two pole rotor for 
the zone from 0 to 45 deg. exactly equal to that of the four pole 
rotor, the unbalanced pull of the two-pole machine will not 
greatly differ from that of the four-pole machine. In the zone 
from 45 to 90 deg., it 15 true, the induction of the four-pole ma- 
chine will fall again, while that of the two pole machine will 
rise from 45 to 60 deg. and remain constant from 60 to 90 
deg. But the contribution for the total pull from this zone 
does not count for very much. The maximum value of the 
unbalanced pull will be reached in the two-pole machine for an 
appreciably higher peak saturation than in the four-pole machine, 

This is born out in Fig. 17. Curve І represents the induction 
for one half pole (from 0 deg. to 90 deg.). The peak induction 
(from 60 to 90 deg.) is very high viz. 11,100 lines per sq. cm. or 
75 per cent above the critical induction. The latter one 1s 
reached already at an angle of 20 deg. Curve II represents the 
local radial pull per sq. cm. for a constant displacement. Both 
eurves I and II are transferred from Fig. 12, only the horizontal 
scale being changed. To obtain the component of the radial 
pull in the neutral diameter, we multiply every ordinate of curve 
II with cos? 6 and obtain thus curve V. For instance, the 
ordinate of V for an abscissa 10 deg. 15 equal to that of curve II 
multiplied with cos? 10 deg. = 0.97. For small angles, the 
curve V therefore hugs closely the curve II. The greater the 
angle, however, the smaller the ordinates of V become compared 
with those of II. 

The average value VI of the ordinates of V taken from 0 deg. 
to 90 deg. is, in.this case, 31 per cent of the peak value of the pull 
curve II. This also would not change appreciably for an 
equally distributed winding, which would reach still higher satu- 
ration from 60 to 90 deg. 
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. The same calculation carried through for a peak induction of 
9700 gives 28 per cent as the average value. 

To compare this with multipolar machines we must consider 
that there the average of 66 to 70 per cent which we took from 
the curves III and IV of Fig. 12 was to be multiplied with one 
quarter of the total pole face area, while here we have to multiply 
with one half of the total pole face area. To bring the result 
into line with the formula for multipolar machines, the value 
0.31 is to be doubled to give the “pole factor". Тһе pole factor 
is therefore 62 per cent which is very near the value of ?/; obtained 
in multipolar machines with distributed winding. 

For displacements in the direction of the pole axis we have to 


1-әм0 


II, V, VIPULL PERCENT 


multiply the ordinates of curve II by sin? 0 instead of cos? 6, 
and to half the values thus obtained. The parts of the ordinates 
between the curves V and II in Fig. 17, if halved, represent this 
value. The average value of the ordinates between V and II 
equals here just about the average value of curve V ordinates. 
The result is, therefore, that for the case represented by Fig. 17 
the unbalanced magnetic pull for displacement in the direction 
of the field axis 15 about half of the pull for displacement in the 
neutral diameter. 

If the middle part of each pole (60 deg. to 120 deg.) remains 
unslotted, this will have on the unbalanced pull for a displace- 
ment in the direction of the neutral diameter, a small effect 
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which may be deemed to be covered already by the small increase 
(from 62 per cent to ?/;) which we have made in the value of the 
pole factor. 

The ultimate result 1s that for multipolar salient pole and cylin- 
drical fields and also for two-pole cylindrical fields the maximum 
magnetic pull can be figured from the same formula (ба) and, with | 
approximate accuracy, with the same pole factor, viz., 2/;. 


C. INCREASE OF ECCENTRIC DISPLACEMENT DUE TO 
UNBALANCED PULL 


A displacement of the rotor from its true central position 
causes a one-sided magnetic pull. A one-sided magnetic pull, 
on the other hand, causes a further displacement. ‘There is а 
force working on the rotor and stator pulling them towards each 
other in the direction, where the airgap is a minimum. This 
will cause not only an elastic deflection of the rotor shaft but also 
of the stator frame, of the bedplate and of the pedestals. Ifthe . 
machine is not excited, all its parts experience a certain deflection 
due to the weights. The elastic deflections of all parts will 
change if a one-sided magnetic pull occurs, whatever its direction 
may be. А magnetic pull on the rotor directed upwards will 
reduce the apparent weight of the rotor and increase the apparent 
weight of the stator. "The transfer of this weight from the rotor 
bearings to the feet of the stator frame will also change the elastic 
deflection of the bedplate. The absolute value of the difference 
in deflection will be the same, whether the unbalanced pull on 
the rotor is directed up- or downwards. But if the pull is directed 
sideways, the deflection of the bedplate and of the bearing 
pedestals wil be entirely different. АП parts of the machine 
contribute their share to the combined deflection. In many 
cases the contribution of pedestals and bedplate may be negli- 
gible. Rotor shaft and frame, however, must be calculated in 
every case, so as to be strong enough not to increase unduly by 
consequent deflection an existing initial displacement. All the 
deflections work in the same sense, so as to reduce the airgap in 
the spot where it was originally reduced and to increase it where 
it was originally increased. 
` The force Fx of the one-sided magnetic pull, is proportional to 
the displacement x. The elastic deflections of all the machine 
parts caused under influence of the force Fx are proportional to 
this force, therefore also proportional to the initial displacement 
x. The sum of these deflections constitute the “first increment” 
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of the original displacement. This increment in displacement 
wil cause an increment in the one-sided magnetic pull which 
bears the same ratio to the original pull as the increment in dis- 
placement bears to the original displacement. The increment in 
magnetic pull will cause a second increment in displacement: 
this a second increment in pull, the latter a third increment in 
displacement etc. etc. As long as the proportionality between 
displacement and pull exists, every following increment will have 
the same ratio to its immediate predecessor as this to its own 
predecessor. In other words, the initial displacement and its 
increments are represented by a geometric series which we may 
write in this form: 


xtqxtexteuet.... 


The sum of the series can only have a finite value, if q x, the first 
increment of the displacement, is smaller than the initial dis- ` 
placement x, or if q is smaller than unity. The sum of the 
geometric series of the final static displacement is represented by 
the formula 
| х 


(8a) 
By substituting into the previous formulas X instead of x, the 
final static force of the magnetic pull 1s obtained. 

Up to now we have considered static forces and displacements. 
If, however, a machine is suddenly excited, as it is generally the 
case with an induction motor, the shaft, frame and other parts 
of the machine will not only deflect so as to increase the initial 
displacement x to the final value X, but all the parts of the ma- 
chine being elastic will overshoot the position of the new static 
equilibrium like a spring or a chord. The combined distance 
travelled by the parts of the machine from the position of the 
old into the position of the new equilibrium is X — x, and they 
will overshoot this position by approximately the same amount. 
The momentary displacement therefore will be 


i mda а р (8b) 
The original mechanical displacement must therefore be multi- 


сд Я to obtain the displacement occurring 


at the moment of switching in. 


plied with the factor 
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We can now formulate the requirement, that a machine, say 
an induction motor, should be free from “pulling over," even 1f 
the initial displacement of the rotor center 1s equal to one half 
of the mean airgap. In other words, the displacement at the 
moment of switching in, should be less than twice the initial 
displacement. 
1+9 ЕЕ. 

Г ЛЕ must be smaller than 2. This gives the result: 


q smaller than 1. 
The smaller q, the safer 1s the machine against pulling over. 
If, for instance, g = 0.2, the displacement at the moment of 


switching in, will be only mA. = 1.5 of the original mechan- 


ical displacement. In other words, the machine would only pull 
hard over, if the original displacement were two thirds of the 
original airgap. 

This calculation considers only elastic deflections. It is, how- 
ever, quite feasible that there is, at the moment of switching in, 
at first a movement of the machine parts through a space without 
any appreciable resistance being encountered. Suppose, for 
instance, that there is a clearance in the bearings and that 
nevertheless the airgap between stator and rotor core 1s smaller 
at the top than at the bottom. At the moment of excitation the 
rotor will travel freely throughout the clearance of the bearing. 
Only after the clearance is taken up, an opposing force will be 
caused through the elastic deflection of the machine parts. The 
rotor travelling through the clearance has obtained a kinetic force 
which carry it further than according to formula (8b). 

A “momentary” appearance of the field does not only occur in 
induction motors but also in generators, if a circuit breaker opens 
after a short circuit has taken place. While the short circuit 
lasts, the actual value of the magnetic field 1s very small; at the 
moment of the opening of the circuit breaker, the field suddenly 
rises and it passes certainly also through the value of the ''criti- 
cal” induction. 

А measure for the stiffness of the shaft is the deflection, 
produced by the action of gravity. If the machine has a vertical 
shaft, we must, for the purpose of this comparison, figure out 
the deflection which would occur, if the shaft were placed hori- 
zontally. We shall call this deflection "gravity deflection." 
Suppose the frame and the other parts of the machine were 
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infinitely stiff, so that we need not consider any deflection of 
these parts caused by the magnetic pull. We then could allow 
such an unbalanced pull as to produce in the rotor shaft a first 
increment in displacement equal to 14 of the original displace- 
ment. Let us call f the gravity deflection caused under the 
static influence of the rotor weight G. If now we take f as 
original arbitrary displacement, a first increment f/3, produced 
by the magnetic pull, would be permissible. A deflection of 
f/3, however, 16 produced by a force equal to G/3, provided the 
second force attacks in the same part of the shaft as the rotor 
weight. The latter condition would be exactly fulfilled, if we 
exclude from G the weight of the ends of the shaft protruding 
over the rotor body. But even if this 1s not excluded, the inac- 
curacy is very small. We can therefore say: The gravity 
deflection of the shaft must be within such limits, that the unbal- 
anced magnetic pull produced by a displacement equal to that 
deflection is less than one-third of the rotor weight. 

The deflections of the stator frame and the other parts may be 
negligible in small machines and also in turbo-generators and 
high-speed induction motors. In machines with large diameters, 
however, as low-speed induction motors and engine type gener- 
ators, they cannot be neglected. "There we may divide the quo- 
tient q into two parts 

| q = 9 + 4. 

q, being the ratio of the rotor deflection caused by unbalanced 
pull to the displacement causing the unbalanced pull, and q, 
being the ratio of the combined deflection of the other machine 
parts (principally the stator frame) to the displacement. Then 
the force of unbalanced pull caused by a deflection f 15 

Е; = q, - G (9) 

If we allow 


= y— — = — 
4, Чел 2 6 


we may say that the shaft must be strong enough so that a displace- 
ment equal to the gravity deflection should not produce an unbalanced 
pull more than 1/6 of the rotor weight, provided that the combined 
deflection of the other parts of the machine under a certain un- 
balanced. pull does not exceed the deflection of the rotor under the 
same pull. Should the deflection of the other machine parts 
under the influence of a certain pull be doubly as great as that of 
the rotor shaft, the highest permissible value for q, would be 1/9. 
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For the calculation of the deflection of the stator frame the 
force, of course, must not be taken as attacking concentrated in 
one point, but must be distributed, the parallel components 
attacking under an angle 0 from the symmetry diameter being 
proportionate to cos? 0. 

From formula (9) the permissible gravity deflection can be 
directly deduced. The machine, the characteristic of which is 
given in Fig. 7, has a rotor weight of approximately 9000 kg. 
We want to allow an unbalanced pull of not more than say 


1. - 9000 = 1500 kg. for a displacement equal to the gravity 
deflection. If now the unbalanced pull for 0.1 cm. displacement 
is 7100 kg., the нын ы Б gravity deflection 15 1948 . 0.1 


= 0.021 cm. and the shaft must be made strong enough so that 
this deflection is not exceeded. 

We can establish a direct formula to give us the permissible 
gravity deflection from the point of view of unbalanced magnetic 
pull without at first having recourse to the ''arbitrary displace- 
ment” x. 

We use formula (6a) for our purpose which is applicable to all 
machines, and substitute the gravity deflection f for the arbi- 


trary displacement x. 
2 


= В, / 
Fy =c-wDL.- (2%) ien 


On the other hand is 


Е; = 4,” С 
It follows 
Or f = — сае ері (10) 
c:TDL- zo) 
(500% 
B, 2 
c: TDL. 
ӨЗ LAM (сб) 
qr = ЕЕЕ гаа (10а) 


In the previous example с.т D L is 40.650 and we obtain 


1/6 - 9000 


6300 
_ 40.650 - (5%) 


0.58 cm. = 0.021 cm. 
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ouppose the same frame had to bé used also for an induction 
motor with a radial airgap of 0.2 cm. In the generator the 
virtual airgap was 0.07 cm. larger than the real airgap. Let us 
assume the same for the motor, then gi is 0.27 cm. The critical 
value of B, 1s likely to be reduced in an induction motor, as 
there, in general, a lower flux is applied and therefore the teeth 
section correspondingly reduced. This, as a rule, is already 
necessitated by the greater number of slots which are usual 
in induction motors. Let us assume that B,, is 5000 for the 
motor. The rotor core has a diameter of 385.6cm. and a 
gross length of 33 cm. from which 5 ventilation ducts of together 
6.5 cm. are deducted, giving a net length of 26.5 cm. The 
total pole surface 7 D L is therefore 


т - 385.6 - 26.5 = 32,100 sq. cm. 


The permissible gravity deflection for В, = 5000 and 4, = 1/6, 
assuming the rotor weight to be again 9000 kg. is 


f= ЖЕНЕ е... - 0.27 cm. = 0.019 cm. 
2 32100. 5000) 
3 ' [5000 


Im the assumed case the permissible gravity deflection is nearly 
the same as the one for the generator, but everything depends 
on the sections of voke, rotor and stator teeth, for they determine 
the value at which the saturation makes itself felt. If the 
critical induction of the motor were 6000 instcad of 5000, the 
permissible deflection would be reduced to 0.013 cm., and this 
would also require a stiffer stator frame to comply with the con- 
dition that the deflection of the other machine parts, caused by 
the unbalanced pull, should not exceed, the rotor deflection 
caused by the same pull. If the stator cannot be made stiff 
enough, q, would have to be reduced, and the permissible de- 
flection would be less than 0.013 cm. Should it be impossible 
to provide such stiffness in the shaft, then the machine should 
always be provided with a winding with equalizing connections. 

We see that in all machines (apart from windings with equal- 
izing qualities) the consideration of the unbalanced magnetic 
pull fixes a limit to the permissible deflection of the shaft under 
the influence of the rotor weight, just as 1n high-speed machines 
the consideration of the critical speed fixes such a limit. 
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D. INEQUALITIES IN EXCITING COILS 


If, 4n a multipolar machine, one pole is excited with a greater 
or smaller number of ampere turns than the others, the induction 
in the pole in question and in the adjoining parts of the two 
neighbor poles will be higher or lower than in the rest of the 
machine, and an unbalanced pull is set up. The induction is, 
in a working machine, produced by the action of the primary 
exciting coil and the reaction of the armature coil combined. 
Whether the ampere turns of one of the primary coils are different 
from those of the others and all the armature coils give the same 
number of ampere turns, or whether the primary coils work 
identically amongst themselves and one of the armature coils 
different from the others, the effect will be an unbalanced pull 
which is stationary, if the disturbing part is stationary, and 
rotating, if the disturbing part is rotating. Specially, if a coil 
of the rotating part .s accidentally short-circuited, heavy 
vibrations will be set up. А disturbance in the balance of the 
machine which only occurs when the machine is excited, accom- 
panied by the necessity of an increase in exciting current in order 
to obtain a given voltage, is an indication of a partial or complete 
short circuit of a rotor coil. 

In two-pole turbo-generators with cylindrical field and dis- 
tributed winding, the flux density is highest in the middle part 
of the pole and 15 gradually reduced to zero, when approaching 
a line at right angles to the pole axis. As long as this distribu. 
tion is the same in two opposite poles and the rotor is in a central 
position, no unbalanced pull occurs. If, however, one of the 
coils of one pole is short-circuited, the flux distribution in one 
pole will be different from that of the other pole, and an unbal- 
anced pull will be set up, rotating with the rotor and producing 
vibrations of the stator. 


E. EQUALIZING CONNECTIONS 


In Fig. 18 the winding of an a-c. machine 1s indicated, con- 
sisting of 8 coils, the four coils of the upper half being connected 
in series, as are also the four coils of the lower half. The two 
paths are connected in parallel. The voltage and periodicity 
impressed on the two parts is alike, and as both parts consist of 
the same number of identically situated coils, the total flux 
passing the upper half will be nearly identical with the total flux 
in the lower half. Any dissymetry would be practically wiped 
out by a slight increase of magnetizing current in the one and 
corresponding reduction of the magnetizing current in the other. 
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An arrangement like this will therefore prove effective against, 
the consequences of a vertical displacement of the rotor from its 
true central position. It is, however, entirely ineffective with 
regard to horizontal displacement. If the rotor is displaced to , 
the left from the true central position, the coil 1, through which 
the same magnetizing current is flowing as through the coil 4,, will 
cause a stronger magnetic field than the latter, and so will the 
coil 4, create a stronger field than the coil 1j. The result there- 
fore will be an unbalanced magnetic pull tending to create an 
increment of the displacement which is directed to the left of 
the rotor. 

In a two-phase machine it is possible to arrange the windings 
of one phase with a horizontal symmetry line, the windings of 
the other phase with a vertical symmetry line, and so to provide 
to a certain extent for two components of the magnetic pull. 


2a 3a 
la 4a 
4b 1b 
3b 2b 
Fic. 18 


In a three-phase machine the symmetry lines of the windings 
can be arranged mechanically under a 60 deg. angle. 

A far more effective arrangement, however, is obtained, if 
equipotential connections E E E are added to the windings of 
every phase, strictly equalizing diametrically opposite coils, as 
shown in Fig. 19. The coil 1, is equalized against the diametri- 
cally opposite coil 1ь. On both coils the identical voltage is 
impressed, the flux and the magnetic pull on both parts will 
therefore be very nearly identical. This is true of all the coils 
around the whole circumference and therefore the unbalanced 
pull will amount to a negligible figure. 

The necessary requirement for magnetic equalization is of 
course, that the coils which are equalized against each other, 
contain the same number of identically situated turns. If, 
however, a turn should accidentally become short circuited or 
open circuited, the magnetic balance would of course immediately 
be upset. Equalizing arrangements in the windings therefore do 
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not free the designer from the duty to design the mechanical 
parts strong enough so as to deal, in case of accidents, with the 
force calculated in formula (1), but for ordinary running con- 
ditions the unbalanced pull need not be considered. 

In multipolar continuous current machines with multiple wind- 
ing but without equipotential cross connections and with as many 
brush arms as poles, an incomplete magnetic equalization 
between pole pairs is produced by currents flowing between the 
brushes of the same polarity. The part of the armature winding 
moving in a stronger field generates more current, the reaction 
of which weakens the field. As, however, large continuous cur- 
rents are required to produce any marked weakening effect 
by armature reaction, the commutation becomes, as is well 
known, very seriously impaired, if there are any sensible mag- 
netic inequalities. The tendency to equalization of pole strength 
refers here to all north poles and equally to all south poles round 
the machine. | 

If equipotential cross connections are applied, equally situated 
armature coils are subjected to the same alternating voltage, just 
as the coils of Fig. 19. 

The current flowing through the equalizing or equipotential 
connections as ''wattless" current, is as a rule only small, as 
comparatively few ampere turns in the armature are sufficient 
to correct the difference in field strength caused by small differen- 
ces in the airgap. If, however, by accident an exciting coil is 
short-circuited, a very large current will flow into the part of the 
armature winding influenced by the pole in question, and there- 
fore it is not wise to stint in the section of the equalizing connec- 
tions. Cases are known of four-pole constant-current turbo- 
generators in which the equalizing connections of the armature 
have been burnt out due to accidental occasional short circuit of 
a series field coil. 

Equalizing connections between coils excited with continuous 
current are, of course, useless for our purpose, as the current 
distribution in such coils is not influenced bv the field strength, 
but solelv by the ohmic resistance of the parallel paths. In a 
machine at rest, excited with direct current, no equalization of 
flux or pull takes place. 


F. EFFECT OF UNBALANCED PULL ON ROTATING 
MACHINE 
The effect of the unbalanced magnetic pull due to eccentricity 
may be of a twofold character. If the outer rotor surface and 
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the inner stator surface are truly cvlindrical but not concentric, 
while the rotor taken by itself 15 running true, the forces exercised 
by the unbalanced magnetic pull have always the same direction 
in space independent of the rotation and are in the case of multi- 
polar machines constant, and only in the case of two-pole rotating 
fields variable. 

If, however, the rotor itself is untrue, no matter whether the 
field or the armature is rotating, then the place of the smallest 
airgap is rotating round with the rotor and therefore the force of 
the unbalanced pull rotating round. As far as the rotor is con- 
cerned, the effect will be the same, as if its weight were not 
balanced mechanically, only with the difference that the un- 
balance is dependent upon the excitation of the machine. The 
rotating force acts, however, also on the stator and will set up in 
low-speed machines visible "breathing"; in high-speed machines 
sensible vibrations of the frame, the frequency of vibrations 
being equal to the number of revolutions. We shall not go, in 
this paper, into the question what “phase difference” exists 
between the passing of the eccentric part of the rotor and the 
radial oscillations of a point of the stator, but shall assume in the’ 
following section that the stationary parts of the machine are 
infinitely stiff, so that the above question is eliminated from the 
following investigation. - 


G. INFLUENCE OF UNBALANCED PULL ON CRITICAL SPEED 


If the center of gravity of a rotor does not coincide with the 
axis of rotation, but has a distance x from the same, a centrifuga] 
force will be developed which is proportionate to the displace- 
ment x and to the square of the number of revolutions per 
minute. Ata certain speed the centrifugal force will be so great 
that it would cause (in the absence of friction etc.) a deflection 
of the shaft equal to the original displacement. The displace. 
ment being doubled, the centrifugal force would be doubled 
causing a double increment in deflection etc. At this speed 
therefore, the so-called ‘‘critical’’ speed, an original displacement, 
if not infinitesimal, would cause an infinite final displacement, if 
there were no resistance to these movements. Although in 
reality the resistance will keep the displacement down to finite 
values, the great increase of vibrations at the critical speed is 
highly objectionable and there is alwavs careful calculation in 
the design of high-speed machines to make sure that the running 
speed is well above or well below the critical speed. 
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In an electric machine, the unbalanced pull due to the rotor 
displacement will work in the same direction as the centrifugal 
force and 1s itself proportionate to the displacement, but inde- 
pendent of the speed. If we call x the displacement in centi- 


meters, the displacement measured in meters will be aos Let 


G be the rotor weight in kilograms, then the mass of the rotor in 
terrestrial units is тС, the acceleration of gravity being 9.8 m. 
per second per second. Let n be the number of revolutions per 
minute. "Then the centrifugal force 15 


egre M 
9.8 10 v0) = (500 


The unbalanced magnetic pull for a displacement equal to the 
gravity deflection f is 4,: G and for a displacement x is 


x 
т agis 
f q 


Assuming that the stationary machine parts are infinitely 
stiff (so that 4, = 4), the same formulas hold good for the rotating 
machine. | 

The sum of centrifugal force and unbalanced pull is 


2 
n x 
«G+ (06) + 3-0-6 

The elastic gravity deflection, caused by the weight G is f, 
the elastic deflection caused by one kilogram is f/G. To obtain 
the elastic deflection caused by the above sum of forces, we have 


to multiply by f/G. 
b [eo (i) ee] == EG) +1 


For the critical speed this deflection will be equal to the 
original displacement x, the expression in brackets therefore wil] 


be unity for the critical value of п 
2 


Merit. Бе 
^) а=! 


пой. = у 1-9: — (11) 
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For the unexcited machine, q 15 zero and the critical speed is 


300 
vf 
The critical speed is reduced, if the machine becomes excited and 
will be the lowest for that excitation which gives the highest value 
of the unbalanced magnetic pull. If q is equal to 1/6, the critical 
speed will be 


, (f given in cm.), which formula, of course, is well known. 


A/ 5 300 300 
6 v f v f 
If q 1s equal 1/3, the critical speed will be 
2 300 300 
а B17 — 
3 vf v f 


An electric machine without equalizing connections has not 
one definite critical speed, but a range of critical speeds according 
to its excitation. In two-pole turbo-generators it must also be 
considered that the unbalanced pull in the diameter of the field 
axis is different from that at right angles to the field axis, and 
therefore such а machine will even for a definite excitation have 
different critical speeds in respect to these two diameters, similar 
to a rotating shaft with rectangular section. 

To illustrate the numerical influence of the unbalanced pull 
on the critical speed, we may take a rotor of 60 cm. diameter and 
100 cm. rough length of the iron core. After deduction of air- 
ducts and slot openings, 80 per cent of the cvlindrical surface, 
that is 0.8- т - 60-100 = 15,100 sq. cm. тау be considered as 
effective. We will assume that the rotor belongs to a two-pole 
machine with distributed field winding, running at 3000 rev. per 
min., that the actual radial airgap is 1.5 cm., the virtual airgap 
1.6 cm., and will consider as alternatives first, a mechanical 
critical speed of 3600, then of 1800. The weight of the rotor 
тау be 3000 kg. We will further assume that the critical 
induction for which the unbalanced local pull is a maximum, is 
6000 lines per sq. cm. 

As the mechanical critical speed 1s given, we can figure directly 
the gravity deflection of the rotor shaft 


2 2 2 
‚_ (300\ .(300Y _ E 300 
/ = (шы) ше (4%) — 0.0070 cm. апа (5%) 


— 0.0278 cm. respectively. 
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We can figure q = q, directly from formula (10a). The pole 
factor c we will take as ?/;. 


ev DL (505) 2 . 15,100 - 1.44 

cab ias š G. — 1.6. 3000 

= 3.02. f 
that is, 0.021 and 0.083 respectively. 
V1—qis У 0.979=0.989 and V 0.917 = 0.9506 respectively. 
The influence of the magnetic pull on the critical speed is here 
small, it lowers the cricical speed only 1.1 per cent in one case, 
4.4 per cent in the second case. 

If the rotor belonged to a four pole machine with half the 
virtual airgap, and a mechanical critical speed of 1800, 4 would 
be 0.166, 

V 1— q = У 0.834 = 0.913, 
which would reduce the critical speed to 0.913 . 1800 = 1640 
rev. per min. a value which is already uncomfortably near the 
running speed of 1500. 

In the case of an induction motor with wound rotor and with 
the same core dimensions, the same rotor weight, a virtual airgap 
of 0.3 cm. (mechanical 0.2 cm.), and a critical induction of 5000 
lines per sq. cm. and a critical speed of 3600 and alternatively 
1800, q would be 


q = 2 . 2o o o = 11.2. f that is 0.078 and 0.31 re- 


spectively. In the latter case, the critical speed would be reduced 


by the magnetic pull to V 0.69 1800 = 1490 rev. per min. 
This could not be accepted for a machine running at 1500 rev. 
per min. and it would be necessarv to stiffen the shaft. 

This example has been simplified by assuming the same rotor 
weight, whether the rotor is destined for 1500 or 3000 rev. per 
min., for a two- or four-pole machine, generator or motor. In 
realitv, for an exact calculation, differences in weight would 
have to be considered, also certain minor differences in effective 
surface, critical induction, pole factor etc., etc. 


CONCLUSIONS 
The main conclusions arrived at in this paper are as follows: 
1. The mechanical parts of a multipolar machine, whether its 
winding is provided with equalizing connections or not, should 


1112 ROSENBERG: MAGNETIC PULL 


be designed strong enough to withstand, as an emergency condi- 
tion, without overstraining, the magnetic pull produced, if only 
one-half of the machine is magnetized up to full saturation of 
the iron, while the other half is unexcited. In machines with 
small airgap the rotor core may pull hard over towards the 
stator core, under these conditions. | 
2. Under normal working conditions, a reduction x of one 
airgap and an increase x of the diametrically opposite airgap 
causes in multipolar machines locally an unbalanced magnetic 
pull per square centimeter, given by the formula 
2 
4. (5053) 5.2 kilograms (3) 
This pull has a maximum value for a comparatively low state of 
saturation. For higher saturation the unbalanced pull falls off. 
If the magnetic characteristic of the machine is represented by 
an initial straight part of appreciable length, followed by a dis- 
tinct "knee", the “critical induction” is in the very beginning of 
the knee. For an approximate determination of the maximum 
pull take the induction B, of that point of the magnetization 
curve in which the gradient is 5/6 of that of the straight line 
part and consider B,, as the end point of the straight line charac- 
teristic. The maximum unbalanced pull in kilograms per square 


centimeter is 
2 


5000 81 
рі being the “virtual” airgap of the machine. 

(Virtual airgap, an airgap which would take for an induction 
within the straight line characteristic as many ampere turns as 
the real airgap and iron path of half the magnetic circuit to- 
gether.) 

3. In multipolar machines, the total unbalanced pull, for a 


given displacement x of rotor and stator centers, 1s independent 
of the rotor position. Its maximum value in kilograms 15 


B 2 
x 
oe | n) ws 
«= с TDL Е 5 (ба) 
c, the ‘рае factor", being approximately 7/3, both for machines 
with salient poles and for those with cylindrical fields and dis- 
tributed windings. In machines with salient poles and constant 
airgap the maximum unbalanced pull is reached at a low satura- 
tion and falls off distinctly at higher saturations. 
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In machines with distributed field winding and also in salient 
pole machines with graded airgap, the maximum pull is reached 
for higher saturations and changes less with changes in saturation. 

In machines with cylindrical fields which are not slotted evenly 
around the periphery, and machines with salient poles and 
graded airgap, the saturation curve from which B,, and g, are 
taken, is a mean of the component saturation curves. 

4. In bipolar machines, the unbalanced pull has different 
values for displacement in the direction of the field axis and at 
right angles thereto. The highest value for a cylindrical field 
with distributed winding 1s reached for high peak saturation, and 
can be calculated from formula (6a) with a pole factor of approxi- 
mately ?/;. Only the saturation curve of the slotted part should 
be taken to determine B, and g,, in bipolar machines which 
contain a non slotted middle part of each pole. For salient pole 
machines with 120 deg. pole arc, the pole factor 15 about 0.4. 
The saturation curve, from which В, and g, are taken, should 
exclude in bipolar machines the m.m.f. required for the bodies of 
stator and rotor cores. 

5. Assuming that under the influence of unbalanced magnetic 
pull the airgap experiences equal changes through the deflection 
of the rotor shaft and through the combined deflection of all 
other machine parts, the magnetic pull caused by a displacement 
equal to the "gravity deflection" of the shaft must not exceed 
1/6 of the rotor weight, to ensure that the displacement, at the 
moment of sudden excitation, does not exceed twice the value of 
the original mechanical displacement. 

If the other parts of the machine were infinitely stiff, the mag- 
netic pull caused by a displacement equal to the gravity deflection 
could be allowed to approach 4 of the rotor weight. 

(“Gravity deflection" is the static deflection of the horizontally 
situated shaft under the influence of the rotor weight.) 

6. The critical speed is lowered by the unbalanced magnetic 
pull and varies with changes in excitation. For the greatest 
permissible value of unbalanced pull, mentioned in the preceding 
rule, the reduction of critical speed amounts to 18 per cent. In 
machines, the winding of which has full equalizing qualities, no 
reduction of the critical speed takes place. 
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ECONOMIC PROPORTION OF HYDROELECTRIC AND 
STEAM POWER 


BY FRANK G. BAUM 


ABSTRACT OF PAPER 


This paper describes a new method of determining for any 
power system, what proportion of generation should be hydro- 
electric, and what steam, from the standpoint of economics. 

А method is outlined for obtaining a curve showing ''Total 
cost per kilowatt-year for hydroelectric and steam power”, for 
any percentage combination of generation. 

With system load curve, fixed charges on steam and hydro- 
electric plants, cost of fuel and other steam energy charges all 
known quantities, this curve can readily be calculated, and one 
can see at a glance the limiting economical percentage of steam 
power for the given conditions. 


T IS, of course, well known that steam power is usually less 
expensive for low load factors than hydroelectric power, 
and the latter becomes economical only when the load factor 
is favorable. To determine the economical division between 
the two there are usually given curves of cost varying with 
load factor. Such curves show that at certain load factors 
the cost of steam power exceeds the cost of water power, but 
the actual yearly cost of power for any assumed proportion 
between water power and steam power must be calculated for 
each case. This becomes laborious. 

The results can, however, be shown in a much more illu- 
minating way if presented as shown in Fig. 1. In this figure, 
abscissae from left to right (from O to O!) show percentage of 
total load carried by water power and from right to left (from O! 
to O) the abscissae show the percentage of total load carried 
by steam power. The sum of the steam power and water power 
must of course equal 100 per cent for every condition, hence 
the sum of the two abscissae is 100 per cent at any point. 

If now we take the yearly cost per kilowatt of hydroelectric 
power as О! й, taken in the figure at $22 per kilowatt-year, 
and draw the straight line О В, this line will represent by any 
ord nate the yearly charge per kilowatt against the water power 
for any proportion between steam and water power. For it 
is clear that if we have one-half water power then the yearly 
charge per kilowatt against the entire 100 per cent load is $11. 

1115 


1116 BAUM: HYDROELECTRIC AND STEAM POWER 


(In comparing the cost of power we must of course include 
total cost of delivery to center of load.) 

Similarly, if we take the yearly fixed cost per kilowatt of 
steam power as Оз, taken in the figure as $11 per kw-year, 
and draw the line О! s, this will represent by any ordinate the 
yearly charge per kilowatt against the steam power for any 
proportion between steam and water power. 

The straight line s h then represents the total fixed charge 
against the steam and hydroelectric power for any proportion 
of steam and water power. (O h and O! s being straight lines 
and s h being derived by adding the ordinates, gives another 
straight line.) 
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Fic. 1—PROPORTION OF WATER TO STEAM POWER 


Water power cost per kw-yr ............... $22.00 
Steam, fixed cost per kw-yr. ............... 11.00 
Steam energy charge per kw-yr. and 100% 

load factor sed suhu рк кк елы Жаука 44.00 


For example, let total load equal 100,000 kilowatt, divided 
70 per cent hydroelectric and 30 per cent steam; then the 
yearly charge against the water power and steam will be 


Water power, fixed charge..70,000 kw. X $22 $1,540,000 
Steam power, fixed charge..30,000 kw. x $11 330,000 
Total power, fixed сһагре..................... 1,870,000 


or $18.70 per kw-year, as shown by the ordinate of the line s й at 
70 per cent water power, 30 per cent steam power. All water 
power fixed charge would cost $2,200,000 and all steam power 
fixed charge $1,100,000 per year. All steam power costs 
$4,400,000. 
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For any other assumption of cost per year of water power or 
steam power, itis only necessary to determine the yearly fixed 
charge against steam power (O s) and water power (O h) and 
draw the line s k, and we have immediately the total fixed 
charge for any proportion of water power and steam power. 
This very much simplifies the problem and visualizes the results. 

To determine the total charge per kw-year against the com- 
bined steam and water power, it is necessary to add the kw-hr. 


PER CENT LOAD FACTOR & 
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Fic. 2—Loap FACTORS AND KW-HR. FOR STEAM AND WATER 


—EXAMPLE— 
Рога20% peakload carried by steam and 80% by 
water the curves show 
Steam load factor = 17% = оа 
Water load factor = 87% = ob 
Water kw-hr. | = 0402 = oc 
Steam kw-hr. = 6% «cd 
NotE—Steam carries everything above 80% line in 
example, and the curves will show per cent load factor 
and per cent kw-hours for any other per cent load 
taken. 


charge against the steam power. (It is of course assumed that 
all charges against the water power are fixed charges.) 

To determine the yearly charge against steam power for 
any load factor we must start with the load curve of the power 
system. The load curve assumed is that shown on the left 
of Fig. 2. The ordinates, it will be noted, are plotted in per- 
centage of the load, the peak load being 100 per cent. 

Now we must determine the kw-hours carried by steam 
for any percentage of the total load carried by steam, it being 
assumed of course that the steam power takes the load off the 
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top of the curve. For this purpose we determine the curve of 
kilowatt-hours to be carried by steam power when 10 per cent, 
20 per cent, etc. of the top of the load curve is carried by steam. 
To do this we take the area of the load curve above 90 per cent 
for example, and determine what percentage this is of the entire 
area of the load curve. Similarly for areas above 80 per cent, 
70 per cent, etc. The results are shown in the curves to the right 
of the load curve. 

For example, if all load over 80 per cent is carried on steam, 
we get the steam load factor = 17 per cent, and steam kilowatt- 
hours 6 per cent of the total as shown by o a and c! d. Also we 
get a hydroelectric load factor 87 per cent and kilowatt-hours 
94 per cent of the total as shown by o b and o c. 

From the curves in Fig. 2 and the cost per kilowatt-hour of 
fuel and other strictly steam energy charges, we determine for 
any percentage of load carried by steam power the yearly 
energy charge per kilowatt-year. Assuming $33 per kilowatt- 
year for energy charge where all the energy is supplied by steam 
for the particular load curve under consideration (which corres- 
ponds practically to $44 per kilowatt-year, or 0.5 cent per kilo- 
watt-hour for 100 per cent load factor, as the load factor of 
total load is 75 per cent) and adding the energy charge to the 
fixed charge for steam power, we obtain the total cost of steam 
power as shown by the curve ''cost steam power” O! S in Fig. 1. 

To obtain now the total cost of all power for any proportion 
of steam power to water power, we add the ordinates of o h the 
“fixed cost of hydroelectric power" to the ordinates о! 5 the 
“Тоба! cost of steam power" and obtain the curve # S the 
“total cost per kilowatt-year hydroelectric and steam power.” 
This curve starts at $22 per kilowatt-year if all power is water 
power. By adding some steam power to take off the peaks, we 
see there 15 a slight decrease in the yearly charge until the steam 
power carries about 15 per cent of load. At 20 per cent of 
load the cost again comes to about $22 per year, and then a 
gradual increase in power cost results. 

At 30 per cent load carried by steam for this particular load 
curve there is little difference in the yearly charge per kilowatt 
and we would not for this case be warranted in installing less 
than 30 per cent steam; for naturally, unless very material 
savings result, the decision will always be to install steam power 
because of the smaller capital cost. 
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At 50 per cent of total load taken by steam installation and 
50 per cent by water power, we have the yearly charge as follows: 
50 per cent X $22..$11.00..yearly fixed charge water power 
50 per cent X $11....5.50..yearly fixed charge steam power 
Total... ......... $16. 50..yearly fixed charge total power 

At 50 per cent load factor practically 333 per cent of the 
kilowatt-hours are carried by steam and this adds the energy 
charge of $33 X 333 per cent or $11. Therefore the total 
yearly charge is $16.50 + $11 = $27.50, as shown by the curve 
h S by the ordinate at 50 per cent. The added charge over 
all water power costs here is $5.50 per kw. year, but on a system 
with 100,000 kw., the yearly excess charge is $550,000, a very 
substantial sum. 

The curve of total yearly power costs per kilowatt shows 
graphically what we want to know, and after we have the curve 
of energy cost of steam power at various load factors, we can 
very quickly make up total costs per kilowatt-year for any 
assumption of fixed cost of hydroelectric and steam power. It 
is believed this method will assist engineers in their work. The 
actual proportion of steam to hydroelectric power will of course 
be somewhat influenced by service insurance conditions. 

This paper is merely an outline of the general principles and 
gives the general method to follow. There аге, of course, many 
details and different conditions in different sections of the 
country. It is hoped that the method presented will appeal to 
engineers and managers. 
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APPLICATION OF HARMONIC ANALYSIS TO THE 
THEORY OF SYNCHRONOUS MACHINES 


BY WALDO V. LYON 


ABSTRACT OF PAPER 


It is shown that the flux distribution in the airgap of a syn- 
chronous mac ine consists of a series of component distribu- 
tions that are simple harmonic wave trains, either stationary or 
moving at constant velocities. Methods are suggested for 
determining the effects of slots and the saturation of the mag- 
netic circuit on the magnitudes of these component distribu- 
tions. Expressions for the voltage generated and the power 
developed thereby are given. The theory is applied to the 
operation of a three-phase, synchronous machine under different 
conditions of load, both qualitatively and quantitatively. A 
table of comparative calculated ficld currents is appended. 


COMPLETE theory of the performance of alternating- 
current machinery must recognize the presence of har- 
monics in the current and voltage and in the distribution of the 
airgap flux. "The principle of the following analysis is well known 
but the author believes it has never been so fully developed. It 
seems best to show how the method may be applied in a variety 
of cases rather than to carry any one case into all of its manifold 
refinements. Much of the analysis is qualitative rather than 
quantitative. It is useful to know, however, what harmonics 
may be present even when their magnitudes cannot be calculated. 
Where it is possible to determine certain coefficients with suffi- 
cient accuracy the method should prove of considerable practical 
importance. The fundamental principle upon which the analy- 
sis is based is that of the superposition of magnetic fields. For 
example, if a constant magnetizing force produces at any point a 
certain magnetic flux density when it alone 1s acting, and another 
constant magnetizing force produces at the same point another 
flux density when it alone is acting, then when both magnetizing 
forces act together the resultant flux density at the point in 
question is the vector sum of these two flux densities, provided 
the permeability at every point in the region concerned is the 
same in each of the three cases. Thus the component flux 
densities should be calculated for a condition of the magnetic 
region which is assumed to be identical with that existing when 
the components act simultaneously. When the magnetic forces 
1121 
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are variable the theorem does not hold if eddy currents are pro- 
duced. If the resultant magnetizing force is constant, however, 
the eddy currents that may be produced by the component 
magnetizing forces should be neglected. "With the laminated 
magnetic masses that are usually employed when the resultant 
flux density is variable, the effect of the eddy currents can often 
be neglected without undue error. Such is the case at 25 or 60 
cycles with laminations no thicker than are ordinarily used in 
transformers. At high frequencies or with laminations of two or 
three times this thickness, however, the effect of the eddy cur- 
rents may be comparatively great. This would occur with the 
practically solid rotors of large turbo-alternators. 

The procedure followed in this analysis is to decompose the 
actual flux distribution in the airgap into a series of simple 
sinusoidal distributions and then to determine how each of these 
is effective in the generation of voltage and in the development 


Fic. 1 


of power. At any instant the flux distribution, or flux density, 
in the airgap of an alternating current machine may be represen- 
ted by a curve such as shown in Fig. 1. Тһе abscissas, x, Óf this 
curve are measured in electrical radians from some point fixed 
of reference, O, in the airgap. In the case of a synchronous 
machine it is convenient to choose this point as half way between 
the centers of adjacent field poles. It is also simpler to assume 
that this point of reference is stationary and that the armature 
is rotating. This will be done throughout the analysis. The 
ordinates represent the normal flux density in the airgap at the 
surface of the armature—or, at the surface of the field poles if 
this is desired. A distribution of this sort may be of constant 
magnitude and wave shape, or both may vary periodically, and 
in either case it may be fixed or moving at a constant or a vari- 
able angular velocity. In any case the most complex distribu- 
tion can be decomposed into a series of simple sinusoidal dis- 
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tributions of different wave lengths and amplitudes all of which 
move at a constant but not the same velocity. In fact, some 
move in one direction through the airgap and some in the oppo- 
site direction. 

As an illustration of this process of decomposition, consider 
the case of a salient pole alternator in which but one armature 
coil per pole is carrying current. At any instant the flux dis- 
tribution per ampere (see Fig. 1 for example) can always be 
represented by a Fourier series consisting of both sine and cosine 
terms. As the coil moves through the airgap the shape of this 
distribution will vary periodically due to the non-uniformity in 
the reluctance of the magnetic circuit. If, therefore, the coeffi- 
cient of each term of the distribution series is plotted against 
time its value may be represented by another Fourier series. 
That is, the airgap flux distribution per ampere may be rep- 
resented by a series of products of sine and cosine terms. Each 
of these products may be broken up into a sum or difference of 
sine or cosine terms of constant amplitude, wave length and 
angular velocity. If instead of there being one ampere in the coil 
the current in it should vary periodically, each of these sine or 
cosine terms must be multiplied by still another Fourier series, 
representing the current. The resulting products of sine and 
cosine terms would again be broken up into a series of sine and 
cosine terms which represent simple harmonic wave trains that 
are either stationary or moving at constant angular velocities. 


GENERAL EXPRESSIONS FOR VOLTAGE AND POWER 
Let the equation for one of these component wave trains be 


В = B, ces (qx — j wt + aa) (1) 


This represents a sinusoidal distribution of maximum value В, 
and of wave length 2 1/4, such as might be produced by q : P* 
poles moving through the airgap at an electrical angular velocity 
of 7 w/q in the same direction as does the armature. See Fig. 2. 
If the sign before j wt is positive the direction of rotation is 
opposite to that of the armature. If the coefficient 7 1s zero the 
distribution is stationary with respect to the field poles. The 
angle a; determines the phase of the distribution. 
When wt equals zero or any multiple of 7 the value of the flux 
*P represents the actual number of field poles. q is throughout the 


harmonic order of the flux distribution and is usually 1, 3, 5, 7, etc. jis 
usually O, 2, 4, 6, etc. 
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density at the reference point, O, due to this distribution alone 
is + В, cos (4). 

The frequency of the voltage generated in the field winding by 
this distribution is proportional to the equivalent number of 
poles, q . P, and the relative velocity, j w/q. Тһе frequency is 
jf, where f is the fundamental frequency. If the field circuit is 
closed a current of this frequency will be produced in it and a 
torque will be developed tending to move the field in the direction 
in which the distribution is moving. "This altermating current 
in the field winding will also produce a harmonic variation in the 
field flux which will in turn cause a higher and a lower harmonic 
in the armature electromotive force. | 

The rotating flux distribution will also directly produce an 
electromotive force in the armature winding, the frequency of 
which is proportional to the equivalent number of poles, q : P, 


Fic. 2 


and the relative angular velocity, (w — J w/q). The frequency is 
(q— Ј) f. If there exists a current of this frequency in the arma- 
ture winding power will be developed if the phase relation of the 
current and the generated voltage is favprable. The equation 
for the voltage produced in the armature winding Ьу this flux 
distribution of the q'^ order is 


ба-) = V 2 E [cos (q — j) wt + ag]* (2) 


The average power developed in a single-phase winding by 


*The effective value of this voltage 1s 


where E, is the effective voltage due to the fundamental flux distribution, 
whose maximum value is Bi, and Ag and A, are the voltage reduction 
factors for the gth harmonic and the fundamental flux. 
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this electromotive force and a harmonic current of the s order 
whose equation is 1, = V? Г, sin (s wt + 0.)t is 


P = = Е; · Isin (aq; +0.)t - (3) 


The average power is zero, however, unless (q — j + s) is zero, 
that is to say, unless the voltage and current have the same 
frequency. When the average power is positive electrical 
power is developed, but when it is negative mechanical power is 
developed. ! 

In а balanced three-phase alternator, power is developed onlv 
when q +s = j= 0, 6, 12 etc. if there are no even harmonics 
present or 0, 3, 6 etc. if there even harmonics in the current. 
The power is 

P=4:+3E,-;-I,sin (ag + 0) (4) 
Electrical power is developed when (0, — oj) is an angle of lead, 
and mechanical power is developed when it is an angle of lag. 
For this reason it may happen that though power is developed 
in each of the phases of a three-phase alternator, the net power 
developed is zero. In this case at least one of the phases would 
develop electrical power while at least one of the other two 
would develop mechanical power. That is, the windings of a 
three-phase alternator may act as a self-contained motor- 
generator set. 

Reduction Factors for Flux. Most frequently the flux in the 
airgap 15 due to the action of several magnetizing coils per pole. 
The resultant flux distribution is the sum of the distributions 
due to the individual coils acting separately. If these compo- 
nent distributions are decomposed into their elementary sinu- 
soidal parts, as can always be done, those of the same wave 
length, which are stationary or which travel in the same direc- 
tion at the same velocity can be combined according to the 
principles of vector addition. This process of addition is 
simplified if the components are of the same amplitude and are 
equally displaced from one another in space-phase position. In 
this case the method of addition 1s the same as that for a number 
of equal voltages of the same frequency differing from each other 
in time phase by the same amount. With л such distributions 
of wave length 2 т/д differing from each other in position by an 
angle 'y on the fundamental scale, in which the pole pitch equals 

tWhen the conductors of a phase belt are at the zero point midway 
between the poles, the s harmonic component of the current in that belt 


has a value 4/2 J, sin 6, 
Іп this equation the signs are either both plus or both minus. 
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T radians, the sum is what it would be if they were coincident 
multiplied by 


sin £T 
К = Y 
п sin "9. 


This is the belt reduction factor. 

If it 15 further desired to add two such distributions which are 
equal in magnitude but differ in phase position by an angle À 
` measured on the fundamental scale, their sum is what it would 


be if they were coincident multiplied by K, = cos rs The 


angle À is some multiple of y. This is the pitch reduction 
factor. 

The total reduction factor for the qth harmonic flux distribution 
is 


sin ^ Y 
2 q À 
K, = cos --- 
жы a. 2 
2 


This holds true only when the flux per ampere is independent of 
the position of the coil, that is, when the airgap is uniform. 

Reduction Factors for Voltage. Having calculated the har- 
monic components of the resultant flux distribution in the airgap, 
the electromotive force generated in either the stator or rotor 
winding that links this flux can be found. The belt reduction 
factor for voltage depends upon the space displacement of the 
coils and upon the order of the harmonic in the flux distribution. 
It does not depend upon the velocity of the distribution. 
The frequency of the voltage produced in the winding, however, 
depends upon the order of the harmonic in the distribution and 
upon its velocity with resp ect to the winding. Thus neither the 
belt nor the pitch reduction factor for voltage depends upon the 
frequency of the voltage. If there are п equal coils per pole 
displaced from one another by an angle y and having a pitch 
deficiency of A, the total reduction factor for voltage for the gth 
harmonic in the flux distribution is 


sin 1% Y 
2 q À 
Ка = cos —— 
n sin -4-7 š 
2 


Both у and À are measured on fundamental scale. 
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Flux vs. Voltage Reduction Factor. The angles ү and À in the 
voltage reduction factors are always equal to the angles between 
the coils in which the voltage is produced. It is only with a 
uniform airgap, however, that the angles 'y and А in the flux 
reduction factor are equal to the angles between the coils which 
are producing the flux. If a winding is designed to eliminate a 
given harmonic from the flux distribution that it produces, a 
harmonic flux distribution of the same order will generate no 
voltage in the winding no matter what its relative velocity may 
be. There may be produced, however, an electromotive force of 
this order of harmonic frequency by another component in the 
distribution which is moving at the proper speed with respect to 
the winding. 

Distributing a winding is thus no sure means of reducing or of 
eliminating a given harmonic in the voltage. For example, a 
fifth harmonic in the flux distribution moving at fundamental 
velocity will produce a fifth harmonic in the voltage, as will also 
a third harmonic in the flux distribution moving at five-thirds of 
the fundamental velocity. A winding designed to eliminate the 
harmonic voltage due to the first of these distributions will fail 
to eliminate that due to the second. All that can be accomplished 
by distributing the winding is in the reduction or elimination of 
the harmonics caused by given harmonics in the flux distribution. 
Another method of reducing the harmonics in the voltage would 
be to reduce the troublesome harmonics in the flux distribution. 
If the harmonic flux is in motion with respect to the field, this 
can be accomplished by means of a short-circuited winding set 
in the field poles. A winding of this sort is most effective when 
it is of low resistance and is brought into close proximity to the 
field winding it protects. The total variable flux that links 
this amortisseur or damper is just sufficient to account for the 
resistance drop in it. 

In some cases, particularly when there is not an integral 
number of slots per pole, the reduction factors for flux and 
voltage must be calculated for each individual case, as no general 
formula 1s applicable. 

Control of Flux Distribution. The distribution of flux in the 
airgap of an alternator may be controlled to a certain extent in 
either of two ways,—by sharing the pole surface if salient poles 
are used, or by prorerly distributing the magnetizing winding if 
the airgap is uniform. The first method will not be discussed. 

The first and simplest case assumes that the airgap 1s uniform, 
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as it approximately would be in a turbo-alternator. The direct 
effect of the slots in both the field and armature in producing 
harmonics is neglected. This effect can be largely eliminated by 
closing the slots with magnetic wedges and by choosing the 
proper relative numbers of stator and rotor slots. As is cus- 
tomary the reluctance of the field and armature cores is neglec- 
ted. An approximate method that corrects for this omission is 
given later. 

A single field coil with a pitch equal to the pole pitch will then 
produce a rectangular flux distribution in the airgap which may 
be represented by the Fourier series 


B= $B D — sings (5) 


q is the order of the harmonic in the distribution. В is the flux 
density in the gap at an angular distance x radians from one side 


Fic. 3 


of the coil, and Bo is the average flux density in the gap. See 
Fig. 3. The relative magnitudes of the harmonics are: 1.00: 
9.33 : 0.20: 0.14., etc. 

If the field winding is distributed in more than one slot per 
pole the relative magnitudes of the harmonics are reduced. The 
amount of this reduction depends upon the method of distribut- 
ing the field winding. With 7 coils per pair of poles, each of unity 
pitch* and having the same number of turns, and equally dis- 
placed by an angle y, the flux density at an angular distance x 
from the middle of a belt is 


sin g — 
_ 4 Ви t ДЫ 


Y 
n an g —— 
172 
“Ав а matter of fact the field coils are arranged concentrically but the 
magnetic effect is the same as if the end connections were made to give 


unity pitch. See Fig. 4. 


B a sin q x (6) 


T 
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If the winding were concentrated the average flux density would 
be В, The relative magnitudes of the harmonics depend upon 
the number of magnetizing coils, п, and the angle, у, between 
them. If, for example, there are six coils per pair of poles dis- 
placed by 20 degrees, the relative magnitudes of the harmonics 
аге 0.83 : 0.0: 0.038: 0.022. The third harmonic in the dis- 
tribution vanishes and the phase of the fifth harmonic is reversed. 


The gth harmonic or any odd multiple of it will vanish i$ 7.1- 


= T or any multiple of т. Thus, by properly choosing the 
breadth of the winding, any harmonic in the flux distribution 
may be theoretically eliminated, although practical winding con- 
ditions will limit this possibility. Since the harmonics are much 
less prominent than with a concentrated winding the distribu- 
tion is more nearly sinusoidal. The fundamental flux is now 83 
per cent of what it would be if the winding were concentrated. 
This might be called the efficiency of the winding. 


Actual 
Connection 
Equivalent Г masc Mc E | 
Connection |! ------------- | 
aye re—— Pole Pitch ———», 
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If the field winding is equivalent to two similar distributed 
windings displaced by an angle А as shown in Fig. 5, the relative 
magnitudes of the harmonics are still further reduced. By 
properly choosing the pitch deficiency angle, А, any harmonic in 
the distribution may be theoretically eliminated. The angle, À, 
is always some multiple of the angle, y, between the slots. The 
distribution is represented by 


sin - 22 Y м 1 
_ 4 2 q ; 
8 = P » WI cos ^5 ЕТ sin q x (7) 
2 


The average flux density for a concentrated winding having the 
same number of turns is By. Fig. 5 shows two windings, each 
like that shown in Fig. 4, which are displaced by two slots or 40 
degrees. The relative magnitudes of the harmonics in this case 


are: 
0.78 : 0.0: 0.0066 : 0.017 
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The effect of the pitch factor is to reverse both the fifth and 
seventh harmonics so that the fifth now appears in phase with, 
and the seventh in opposition to the fundamental. The har- 
monics are very small. The efficiency of this winding is 78 per 
cent. | 

By properly choosing the breadth of one belt or layer, пу, 
and the pitch deficiency, А, any two harmonics тау be elimi- 
nated theoretically. There 1$ а practical limitation to this, Fow- 
ever, fixed by the minimum allowable angle between the slots. 
If the angle between the slots is 7/15, and the breadth of one 
layer of the winding is 10 slots and the pitch deficiency is three 
slots, the third harmonic will be eliminated by the distribution, 
and the fifth harmonic by the pitch, of the winding. In this 
case the seventh harmonic is 1.4 per cent of the fundamental. 
The efficiency of this winding 1s 0.79. 


Concentric 
Connection 
| 
Fa-rd------- — 0,1 
Lap | ME теч ы | | 
: i Б ese на а Ae 
Connection ЛЕН Visio suene PS 
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Correction for Saturation. Thus far the reluctance of the field 
and armature cores has been neglected. The following method 
of correction is an approximate one designed to compensate for 
this omission. Both the field and armature are assumed to be 
uniformly slotted. The flux distribution in the airgap due to a 
single magnetizing coil instead of being rectangular, is less at 
the center than at the conductors, as shown in Fig. 6* The 
simplest equation that can be given such a curve between 
x = O and x = m is 


duis du 


b, | ) 
B, cos 2 x 


* Because some parts о! the magnetic circuit are more highly saturated 
than others the component distributions due to the individual coils will 
not be alike. This effect, however, is disregarded, although it may be of 
prime importance in determining the magnitudes of the harmonics. 
Other assumptions as to the shapes of the component distributions might 
be made which would increase the precision of the results. 
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By is the average flux density in the gap and (В, + bi) and 
(By — bj) are the maximum and minimum flux densities re- 
spectively. The ratio of b, to Bo is approximately equal to the 
ratio of the ampere turns required for the field and armature 
cores to those required for the airgap and the teeth. 

The Fourier series that represents this distribution is 


8-0 2 (—+ = eh sin q x (8) 


. If the ratio bi is 10 per cent, the relative magnitudes of the 
0 


harmonics produced by a single magnetizing coil are 


1.0 :0.406 : 0.232 : 0.163 
instead of 
1.0 : 0.333 : 0.200 : 0.143 
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as they аге on the assumption that the reluctance of the field . 
and armature cores is negligible. 

The corrected series for a distributed fractional pitch winding 
1S 


.qny 
в = 4 UMS 
ы п sin 4 T 
cos ЧА 1 5 0) 
cos — (< + B 70-3 sin qx (9) 


At highe flux densities the ratio Is greater and the har- 


b, 
By 
monics become more prominent. The general effect of this 1s 
‚о make the flux distribution in the airgap flatter than it 15 at 
lower saturations. 
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Correction for Unslotted Portion of Field Surface. Usually the 
field winding is distributed over only a portion of the polar pitch 
as shown in Fig. 7. In this case the flux density between the 
points а and b is greater than it would be if the field were slotted 
in this region. The full ampere turns of one pole are acting to 
produce the flux density here and the increase in the density 
between a and b over what it would be provided the entire field 
were slotted may be represented roughly by the curve shown in 
Fig. 8. The length of the unslotted portion is э. The Fourier 
series that represents this curve 1s: 


4 Bo b, a CS sin ЫЕ —— sin gx* (10) 


res В, 2 2 


В, 15 the average flux density with a uniformly slotted field 
produced by a concentrated field winding having the given num- 
ber of turns per pole. This series represents the flux density 
which should be added to that calculated on the assumption 
that the entire field is slotted.f 

Large turbo-alternators are now built with a field winding 
arranged as shown in Fig. 9. Тһе method of analysis, including 


b (NDi- (N D: 
В, (N 1): 
where: (NI); = ampere turns required to produce B, with a uniformly 
slotted field. 
(NI), = ampere turns required to produce B, with an ünslotted 
field. 
tThe magnitude of the correction is shown by the following example 


b T 
in which a is taken equal to 0.20 and 7 equal to EL 
0 


4 В, 


p = "s (0.10 sin x — 0.067 sin 3 x + 0.020 sin 5 x + 0.014 sin 7 x 
+...) 
The corrected distribution for the winding shown in Fig. 4 if 
b b 
` = 0.10 and — = 0.20 is: 
0 0 


4B 
В = кз (0.91 sin x — 0.067 sin 3 x — 0.023 sin 5 x + 0.039 sin 7 x 
+...) 
The third harmonic which had been cut out by the breadth factor is now 
7.4 per cent. of the fundamental. 
The corrected efficiency of the winding 1s 85 per cent. 
The uncorrected efficiency as previously calculated was 83 per cent. 
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the corrections for the effectsYof saturation and of the unslotted 
portions of the field, is similar to that already outlined. 

The magnitude of any harmonic in the flux distribution 
depends not only upon the pitch and breadth reduction factors 
but also upon the degree of saturation and the breadth of the 
unslotted portion of the field. Harmonics that have been 


ЕГГІПІН шалам ТҮЛІСТ ЕШ 


с а b d 
Fic. 7 


entirely eliminated by the first two factors’ will still appear on 
account of the last. It is only with a uniform airgap that har- 
monics can be surely eliminated by the distribution of the field 
winding. .Field slots that are closed by magnetic wedges tend 
to produce this condition. In general the effect of increased 
saturation is to flatten the flux distribution curve. 
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Flux Distribution with Special Winding. It has been shown 
that if the equivalent field winding consists of equally spaced 
coils having the same number of turns, any two harmonics or 
their odd multiples can be eliminated from the flux distribution 
by properly choosing the breadth of the winding and the pitch of 
the coils. Thus if a winding is chosen that eliminates the third 
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and fifth harmonics, it will also eliminate the ninth, fifteenth, 
twenty-first, twenty-fifth, etc. On the other hand, if the field 
winding consists of coils having unequal numbers of turns more 
can be accomplished in the elimination of the harmonics. Only 
the case in which the field is uniformly slotted will be considered. 
the second correction does not then have to be applied. The 
illustration here given is for a field winding consisting of four 


“ 
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coils per role contained in slots displaced by 20 degrees as shown 
in Fig. 16. See Appendix I. The central slot 15 not occupied. 
If the relative numbers of turns in the coils 1 to four are resp ec- 
tively 1.0, 0.88, 0.65 and 0.35, all of the harmonics in the flux 
distribution will be eliminated up to and including the fifteenth. 
The first harmonics that do occur, viz. the seventeenth and nine- 
teenth, have the same relative magnitudes as they do with a 
concentrated winding.* 

Analysis of Airgap Flux. The flux distribution in the airgap 
of a synchronous machine can be modified to a considerable 
extent by shaping the p ole surfaces, ог, as has been shown with 
non-sahent roles, by properly distributing the field winding. In 
either case the value of the flux density in the airgap mav be 
represented by a Fourier series which may be written: 


B -d4(ZXA,sinqx- Z Си cos q x) (11) 


x is the electrical angle measured from a point midway between 
the poles, 1, is the value of the exciting current, and the coeffi- 
cients, 4, and C, are the maximum values of the various har- 
monic distributions per amrere of field current at the particular 
saturation considered. 

With a smooth-core armature the magnetic circuit is construc- 
ted so that the flux distribution is at all times symmetrical about 
the center of the field poles. This disregards the effect of the 
cross magnetizing action of the armature currents which in- 
creases the saturation of one-half of the magnetic circuit above 
that of the other half. With a symmetrical flux distribution the 
C coefficients are all zero. When the armature is slotted, as it 
almost invariably is, the magnetic circuit is symmetrical only 
when a slot or a tooth is exactly at the center of a field pole. The 
C coefficients are no longer zero but vary periodically with the 
time. 

There are three cases to consider. The first is for a smooth 
armature and a constant exciting current. The flux distribu- 
tion is then independent of the position of the armature and 1, 
and the coefficients A, are all constant. The second case is for 
a smooth core armature and a periodically varying field current. 
1; is then a periodic function of the time but the coefficients A, 
are still assumed to be constant. The third case is for a slotted 
armature core but with a constant field current. Here 1; is con- 
stant but the coefficients A, and C, are periodic functions of the 
time. 


*See appendix I. 
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The armature winding in which the electromotive force is 
generated is distributed in л slots per pole per phase, displaced 
by an angle у and with a pitch deficiency, А. 

I. Constant Flux. In the first case, which is the simplest, the 
electromotive force generated in any armature conductor has 
the same wave form as the flux distribution. "This is not true 
of the other cases. 

If the fundamental flux per pole is ф; the g harmonic flux 
per pole is 


_ 1 4, 
а 2. 


The voltage produced in the armature winding due to this 
harmonic flux is 


Е, = 4.44 К. Nq f éa 1075 


N 1s the number of turns in one phase of the armature winding 
and f is the fundamental frequency. K, is the total reduction 
factor for the q'^ harmonic in the flux distribution. 

‚ By properly choosing the distribution and the pitch of the 
winding it is theoretically possible to eliminate any two har- 
monics from the electromotive force. А three-phase winding 
arranged in 15 slots per pole, having a phase belt of 10 slots and 
a pitch deficiency of three slots will entirely eliminate the third 
and fifth harmonics. In a well distributed three-phase winding, 
a pitch of five-sixths reduces the fifth and seventh harmonics to 
about four or five per cent of their full value. Special windings 
can be designed to eliminate several harmonics. For example, 
a single-phase winding such as previously described in connection 
with the flux distribution will eliminate all of the harmonics up 
to and including the fifteenth. 

Power will be developed in the armature only when there is 
a harmonic in the current of the 47 order and then only if the 
time phase displacement is not 7/2. 

Since the flux 15 of constant magnitude it produces no voltage 
in the field winding and therefore no reaction with it. 

II Variable Field Current. In the second case it is simplest 
to assume, though incorrectly, that the distribution of the flux 
in the airgap has a fixed wave form. If the variations in the 
field current are not large the approximate effect of a periodic 
field current тау be represented by 


y= Io + РХ І, sin (s Ww, Í — 0.). 
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The frequency of the fundamental variation in this current is 
fi = 22 . It may or may not be equal to the frequency of the 


fundamental in the armature electromotive force. "The constant 
term 10 produces the harmonics that were calculated in the first 
case. Any harmonic in the field current produces a flux distri- 
bution in the airgap which is equivalent to two distributions of 
the same magnitude and wave length, which rotate in opposite 
directions with respect to the field poles. The frequencies of 
the voltages produced in the armature by these rotating fluxes 
are (gf + sf). Thus in a 60-cycle alternator, a 25-cycle current 
in the field winding produces voltages having frequencies of 35 
cycles and of 85 cycles, due to the variation in the fundamental 
component of the flux distribution. 

If the flux distribution contains a third harmonic, the 25-cycle 
field current produces voltages in the armature winding with 
frequencies of 155 cycles and of 205 cycles. This method of 
resolving a pulsating field into oppositely rotating fields was 
used by Ferraris in analyzing the operation of the single-phase 
induction motor. 

ПТ Effect of Slots. Inthe third and last case to be considered 
the field excitation is constant but the permeance of the magnetic 
circuit varies periodically on account of the slots in the surfaces 
of the field and armature. The wave form of flux distribution 
in the airgap varies cyclically while the afmature is advancing 
the distance of the armature tooth pitch.* The periodic varia- 
tion in the shape of this flux distribution produces a correspond- 
ing variation in the coefficients of its harmonic components. 
Each of these coefficients may then be represented by a Fourier 
series. 

If n represents the number of slots per pole the series which 
represent any of the coefficients such as A, and C, are 


A,=2Z,a,cos2npwt 
and 


С, = $ yca Sin 2 n P ші 


The first is a cosine and the second 15 a sine series for the same 
reasons as outlined in the analysis of the armature reaction. 


*Time is measured from the moment that an armature slot is directly 
opposite the zero point, that is, midway between the field poles. 
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(See Appendix II). The general expression for the flux distribu- 
tion in the airgap reduces to 


B- ЕП { Z Ga4 + c) эт (q x + 2 n p ші) 
+ $ (aa — pq) sin (qx — 2 n p @ b }ї (12) 


„ад is the coefficient of the p harmonic term іп the Fourier 
series which represents the variation in the coefficient of the дһ 
harmonic sine term, Ag, in the flux distribution, and ,c, is the 
coefficient of the 2) harmonic term іп the Fourier series which 
represents the variation in the coefficient of the 47% harmonic 
cosine term, C,, in the flux distribution. 

The flux distribution in the airgap 15 thus resolved into two 
components one of which (for ф = 0) is stationary with respect 
to the field poles and the other of which (for p = 1, 2, 3 etc.) is 
rotating. "This second component can be further resolved into 
two wave trains which rotate in opposite directions through the 
airgap. The effect of the stationary component has already been 
analyzed. The harmonics existing in it may be due to the shape 
of the pole surface or, in the case of non-salient poles, to the dis- 
tribution of the field, winding or to the field slots. "The rotating 
fluxes are due wholly to the presence of the armature slots 
although their magnitude 1s influenced by the shape of the field 
poles or the arrangement of the field winding. The fundamental 
slot harmonics, t. e., p = 1, are probably the most important. 

The periodic variations in the А coefficients indicate corres- 
ponding variations in the flux per pole, while the periodic varia- 
tions in the.C coefficients indicate corresponding distortions of 
the flux distributions. The latter are equivalent to an oscillation 
of the flux across the pole face. 

The coefficients pag and зс; сап be determined by analyzing 
the flux distribution for successive positions of the armature 
with respect to the field poles. If the values of the coefficients of 
any particular harmonic are then plotted against time, this curve 
can be analyzed for the coefficients of its harmonic components, 
$. €., oq, Gq, 204, etc. 

The order of the harmonic in the generated voltage depends 
upon the order of the harmonic in the flux distribution which is 
affected by the slot pulsations, and the number of slots per pole. 
It is (q + 2n p). The most important slot harmonics are due 
to the variation in the fundamental flux and are of the orders 
(2 n + 1). 


11 is the field current. 
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Distributing an armature winding has no effect in eliminating 
the harmonics caused by the pulsations due to the slots except 
in so far as it modifies the reduction factor for any particular 
harmonic in the flux distribution. 

Harmonics due to the armature slots may be very prominent 
in the flux distribution and yet generate little or no voltage in 
the armature winding. This is because these harmonics move 
synchronously with the armature and will thus be effective in 
producing voltage only when their magnitudes vary so that thev 
produce a net variation of flux through the armature coils. 

In Fig. 10 assume that the flux dis- . 
tribution in the airgap 1s represented 
by the expression | X 


B = Bosinx [1 — a cos 2 n (x — wt) | wt 


where л is the number of slots per 

pole. The value of a determines the 

magnitude of the slot harmonics. 

This flux distribution may be thought 

of as the result of a sinusoidal distribu- Fic. 10 
tion of magnetomotive force acting on | 
a magnetic circuit whose permeance varies with the time as shown 
by the bracketed term. The flux linking a coil of unity pitch is 


ФВ (1+ 2) cos wrt 


Thus, in this case the flux through the coil varies sinusoidally 
and there are no higher harmonics in the voltage, although the 
armature slots are the cause of large harmonics— dep ending 
upon the value of a—in the air-gap flux distribution. These har- 
monics are of the orders (2 n + 1) and (2 n — 1), but their am- 
plitudes vary with a frequency of 2” times the fundamental 
frequencv. The net effect of this 1s to produce a fundamental 
voltage only. Further, the flux from one pole is 
cos 2 n ші ) 


a 
фе = 2B (1 pr 


*'This assumes that the center line of the slot marks the division between 
the flux which enters the tooth at the right and the one at the left. This 
is of course not strictly true. 


t т 
фо = fe d z (assumed) 
0 
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The flux is greatest when a slot is midway between the roles, and 
least when a tooth is midway between them. The slots mav 
thus cause a periodic variation in the total flux per pole and vet 
there may be no corresponding harmonics in the generated volt- 
age. 

Armature Reaction. The flux produced bv the armature cur- 
rent will be divided into two distinct parts; that which exists in 
the airgap and that which does not. The magnitude and dis- 
tribution of the first varies with the excitation and power factor, 
but the second portion is very. nearly independent of each of 
these factors, and for the sake of simplicity it is assumed to varv 
only with the armature current. 

The effect of the armature current of an alternator in modifv- 
ing the airgap flux generally influences the operation of the 
machine more than anything else. The method here used to 
analyze this effect is to first obtain an expression which shows 
how the flux density in the airgap, due to a single armature coil 
of unitv pitch, varies when the coil is placed in any position rela- 
tive to the field poles. "The resultant effect due to a single-phase 
winding is the sum of the separate effects due to the individual 
coils of the winding. An extension of this method of combina- 
tion will give the resultant reaction for a three-phase alternator. 

In Fig. 1, В is the normal component of the flux density in the 
airgap due to a single coil in which there is a current of 1 amy eres. 
The equation of this distribution may be written in the form of 
a Fourier series. 


Ne 
№; 


В = 


1 | Ата (x — ші) 


+ У C,cos q (x— ші) | (13) 


М, and №, are respectively the turns per armature coil and the 
turns per field pole. A, and C, are respectively the instantane- 
ous maximum values of the g!* harmonic sine and cosine flux 
distributions for an armature current equivalent to one ampere 
in the field circuit. 

As the coil moves through the airgap, t. e., as w £ varies, the 
coefficients A, and C, of the series will vary periodically at 
double frequency. If the magnetic circuit is assumed to be 
symmetrical about the center line of the poles the series for A, 
will consist of cosine terms only and the series for C, will consist 
of sine terms only. The proof of this is given in Appendix II. 
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The series for A, and C, may be written 
A, = odq + X һас cos 2 h Wl 
C, = Zac, біп 2 h @ t 
where й may equal 1, 2, 3, 4, etc. 


If these values are substituted in equation (13) and the prod- 
ucts of sine and cosine terms are expanded, the result gives 


N . ч R 
8 = N, id “У saa sin (g x q м 


+— > N Gae д sin (qx — (q — 2 f) ші) 


+ P > c» Gas — pCa) Sin (qx — (q + 2 p) ot) | (14) 


This represents the flux distribution in the airgap due to а 
single armature coil carrying a current of 1 amperes. The 
. angular displacement of the coil from the center of the pole is 
Wt. оа 15 the average value of the amplitude of the q^ har- 
monic in the flux distribution. за, and зс; are respectively the 
fundamental amplitudes of the variation in the maximum values 
of the 49 harmonic sine and cosine distributions. 

With a distributed winding the values of w t are different for 
the individual coils and the total reduction factors are 


. ({ц2р)п Y 
SII] === 
2 cos LE 2 8) À 


Kary = (q+2p Y ` 2 
2 


n sin 


If the expression for the current 15 1 = 2 V 2 I, sin (s @ t + 0,) 
the general expression for the flux distribution, due to the arma- 
ture current alone, in the airgap of a single-phase alternator re- 
duces to 


B= r Ne D Уке 


-I,{cos(qx— (q + s) мі- 0.) 
— cos (qx — (q — 5) wt + Ө.) | 
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+ > У > Kaap s + Са) 


-1, [cos (qx – (q—2p+s) @ t — 0.) 
- cos (gq x — (g — 2 p — s) @ t + 0)] 


ИЛЛЕ Ан 


:L[cos(qx — (q + 2 p + s) мі- 0) 
— cos (qx — (q + 2 p — s) o 14-8) 1 
(15) 


Three-Phase Armature Reaction. In a three-phase alternator 
the resultant flux distribution due to the armature current alone 
is the combination of three such distributions. With a bal- 
anced load the currents are equal in magnitude and differ in 
phase by 120 degrees. The three armature windings also differ 
in their relative positions by 120 degrees. The sum of the 
three single-phase distributions will then be zero except when 
the coefficients of w £ іп equation (15) are zero, three, or some 
multiple of three. In the coefficient of wt, q is always odd; 
2 p is always even and ordinarily the current contains no even 
harmonics and s is therefore odd. (q + 2 p + s) is thus either 
zero or even. If, however, the current contains even harmonics, 
this coefficient may be odd. 

The general expression for the armature reaction flux in a 
three-phase alternator is given in equation (15). If the current 
contains no even harmonics only those terms can appear in 
which the coefficient of w t is zero, six, or some multiple of six. 
If the armature current contains none but even harmonics only 
those terms can appear in which the coefficient oi w £ is zero, 
three or some odd multiple of three. 

In a turbo-alternator with a uniform airgap, the armature 
flux is independent of the position of the armature coil with 
respect to the field poles. In this case all of the coefficients 
except оа vanish, 1. e., р has no value but zero, and the complete 
expression for the armature reaction is much simplified, consist- 
ing as it does of only the first two terms in equation (15). 

* Np and Ng аге the armature and field turns per pole. 


For the method of calculating the coefficients pAq and pCa and their 
values see Appendix III. 
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The only assumption made in deriving this expression for 
the armature reaction flux 1s in regard to the symmetry of the 
magnetic circuit. But for this it 1s perfectly general. 

Armature Flux, Voltage and Power. In an alternator with a 
uniform airgap the armature reaction is stationary with respect 
to the field poles only when the harmonic orders of the com- 
ponent flux distribution and the component armature current 
are the same. With a salient pole alternator, however, the 
' fundamental current may produce a stationary third harmonic 
in the armature flux, or a third harmonic component in the 
armature current may produce a stationary fundamental com- 
ponent in the armature flux distribution. With a salient pole 
alternator there 15 likely to be a considerable third harmonic 
component in the armature reaction which is stationary with 
respect to the field poles and is due solely to the fundamental 
part of the armature current.* If the armature is delta-con- 
nected, a third harmonic current will exist in the windings which 
mav of itself produce a stationary fundamental component in 
the flux distribution.t The latter would affect both the fun- 
damental voltage and the power developed. 

With a uniform airgap, in which case p = о, no average power 
is developed. That is, no power is developed in an alternator 
having a uniform airgap if the field excitation is zero. With 
a salient pole alternator, however, in which case f is an 
integer, power may be developed due to the armature 
reaction flux alone, or, in other words, when there is no field 
excitation. This power is proportional to the sine of twice 
the lead angle of the fundamental armature current. The 
power is greatest with a phase angle of 45 degrees. Thus an 
unexcited synchronous machine may develop considerable power 
as a generator if the current leads, and considerable power as a 
motor if the current lags. These are well known facts. Further- 
more a current of one harmonic order may produce a flux that 
reacts with a current of a different harmonic order and produces 
power. 

When a synchronous motor is being brought up to speed bv 
hysteresis and eddy current action, the fundamental current is 
relatively a fifth harmonic at one-fifth of synchronous speed, a 
third harmonic at one-third of synchronous speed and a second 
harmonic at one-half of synchronous speed. If one of these har- 


“бес fourth term, equation (16) q = 3, p = 1, s = I. 
TSec sixth term equation (15) q= 1, p= 1, s= 3. 


LYON: HARMONIC ANALYSIS 1143 


monics produces a torque greater than that due to hysteresis 
and eddy currents, the motor will tend to lock in at that speed 
and not come up to synchronism. Whether it does or does not 
will depend upon whether the momentum of the rotating part 
is sufficient to carry it into a phase position that is unfavorable 
for the development of motor torque due to the reaction of the 
airgap flux and the current. The hysteresis and eddy current 
torque is greater at one-fifth speed and the synchronous torque 
developed by the current is smaller than at either one-third or 
one-half speed. The tendency of the motor to lock in at one- 
half speed is greater than at either one-third or one-fifth speed. 
It depends upon the design and principally upon the ratio of 
pole arc to pole pitch. | 
Harmonics їп Transient Short-Circuit Condition. The tran- 
sient short-circuit in an alternator gives a good illustration of 
the effect of even harmonics in the armature current. We 
will consider only the case of a three-phase turbo-alternator 
which has its field and armature windings so distributed that 
the harmonic components in the flux distributions they produce 
are neghgible compared with the fundamental components. 
The general equation for this current is 


1=2 А ee! + Z Be-8tsin s o t + X C et cos s ші (16) 


As far as the writer is aware the constants in this equation have 
never been evaluated. 

Due to the first term in this expression there is a decaying flux 
distribution which rotates at synchronous speed with respect to 
the field poles. There will thus be produced a current of fun- 
damental frequency in the field winding. The periodic flux 
produced bv this current will generate a voltage of double 
frequency in the armature winding, causing a second harmonic 
current, which will react on the field circuit and produce a third 
harmonic current in it. This third harmonic variation of the 
field flux will produce a second and fourth harmonic in the 
armature winding. The effect of a second harmonic has already 
been accounted for. The fourth harmonic in the armature 
current will produce onlv a third harmonic in the field winding, 
the effect of which has already been considered. The fifth 
harmonic which would have been produced in a single-phase 
alternator is not present, since the component fluxes which 
would produce it sum up to zero in the case of a three-phase 
alternator.* There will thus be a fundamental and a third har- 


*First term, equation (16) q = 1, 5 = 4. 
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monic in the field current, and a fundamental, a second and a 
fourth harmonic in the armature current, but none higher. The 
magnitude of these harmonic components will be influenced to 
a considerable extent by the eddy currents produced in the 
practically solid rotor. 

Calculation of Field Current. One of the most interesting 
applications of this theory, is to the problem of calculating the 
field current of an alternator for a given load condition. A three- 
phase, Y-connected generator, with neutral free, is chosen so 
that there can be no troublesome third harmonics in the armature 
current. "There is generally little error in neglecting the effect 
on the terminal voltage of. the fifth or higher harmonics in the 
armature flux if the magnetic circuit is designed so that there is 
no prominent fifth harmonic n the flux distribution due to the 


F 


field. If it be assumed that the armature currents are sinusoidai 
and balanced, that the harmonics in the armature flux above 
the third are negligible and that the harmonic variations in these 
components above the second are also negligible,* the expression 
for the stationary armature reaction flux distribution reduces to 


B "UU A К, Г, j — oa, cos (x + 6.) 
+ stoa бе (к= е мағ кз cos (Зх + 0.) 
ды кышк а 2 cos(3x— 01) | (17) 


э equation (1б) 5 = 1,9 = land З апі p= 1 and 2 only. 
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The first of these terms is that ordinarily given for the arma- 
ture reaction and it is the only one present when the air gap is 
uniform. The other terms are due to the non-uniformity of 
the magnetic circuit for different positions of the armature coils 
on account of the spaces between the salient poles. The third 
and fourth terms are due to the presence of variable third har- 
monics in the flux distributions produced by the armature coils. 
They have no direct effect on the fundamental armature voltage 
but they do alter the saturation of the main magnetic circuit 
and may be important on this account. If they increase the 
. flux from each pole it requires more field current to give а 
specified armature electromotive force than is shown by the 
no-load saturation curve. 

The vector diagram showing the phase relations of the funda- 
mental armature reaction, the armature current and the airgap 
flux is given in Fig. 11. F and E, are the impressed field and 
the voltage it would produce on open circuit. V is the terminal 
voltage. The armature current, J, lags behind the excitation 
voltage Е, by an angle бі. А, and А. are the first and second 
terms of the resultant armature reaction A». From equation 
(17) it is seen that 


1 № 
PLC EN UE АТ * 
be ANS i di Gu 
1 Ne Kiop dcn 


and Аз = —. 9 


A, is in phase with the current while A; lags behind the current 
by (T — 20.) if (ua) + ıcı) is positive, as it usually is. Thus the 
resultant armature reaction lies more nearly in line with the 
impressed field than if the airgap were uniform. This condition 
occurs for two reasons; first, because an armature coil produces 
more flux when opposite a pole than when half way between 
poles (1а, > 0), and second because the axis of the armature 
flux tends to conform with the axis of the field poles (ісі > 0). 
At unity power factor, А, and Аз are in opposition, while at zero 
power factor they are in conjunction. Thus the magnitude of 
the armature reaction flux is much greater at zero power factor 
than at unity power factor. 


tSee Effect of Third Harmonic on Saturation. i 


* Values of the coefficients 041, 14. and ıcı etc. are given іп appends "d 
LENS i 
1 Wow 


‘4 
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Fig. 12 shows the vector diagram which тау be used in 
calculating the regulation of an alternator. The power factor 
(external) at which the alternator is operating is cos 0.* Тһе 
sum of the terminal voltage, V, the resistance drop, í r,T, and 
the leakage reactance drop, J xat, gives the voltage Ea, which is 
produced by the resultant fundamental flux in the airgap. This 
flux is due to the effect of the field and armature currents acting 
in conjunction on the magnetic circuit. If the permeability of 
all parts of the magnetic circuit is now assumed to be constant, 
the airgap flux which produces E, may be replaced by the com- 
ponent fluxes which would be produced in the airgap by the 
independent action of the field and armature currents. With 
such an assumption the fluxes and the equivalent field currents 


Fic. 12 


producing them are proportional. J, is the field current cor- 
responding to E, obtained from the open-circuit. saturation 
curve. А, and А; are the equivalent field currents correspond- 
ing to the two parts of the armature reaction. J, is the actual 
field current. It is readily proved by geometry that the vector 
drawn from the terminus of J, to the intersection of А, and TI, 
is equal to (4, — Аз) and that the distance from this intersection 
to the terminus of J, is 2 As sin б. Thus the phase position of 
I, is determined by the armature reaction at unity power factor. 

For the purpose of calculation it is more convenient to rotate 
I, апа I, through 90 degrees clockwise so that the vector dia- 
gram appears as in Fig. 13. 


*An angle of lead is positive and an angle of lag is negative. 
tre and ха are the equivalent single phase values. 
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The armature leakage reactance may be determined from the 
open- and short-circuit characteristics. At short circuit the 
internal power-factor angle, 6), is essentially 90 degrees. Сасч- 
late the field current equivalent to the total armature reaction 
at zero power factor, viz. А, + Аз. Observe the voltage Eno 
that would be produced on open circuit by this field current. 
Referring to Fig. 14 the leakage reactance is shown to be 


Е, E Eno 
І, 


Ха = 


There ате two minor corrections which will increase the pre- 
cission of the results. They are the effect of the third harmonic 
and the increased pole leakage. 

Effect of Third Harmonic on Saturation. The flux in the airgap 


I 
Ж 
a 


^ 
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and in the main magnetic circuit is produced by the magnetizing 
action of the field current and the armature current. Part of 
this flux is sinusoidally distributed and produces a measurable 
voltage across the terminals of the armature, while a small part, 
of it is a third harmonic distribution and produces no voltage 
across the terminals. The saturation of the magnetic circuit, 
however, is determined by the entire flux. The armature volt- 
age, E,, (See Fig. 13) is due to the combined action of the field 
current and the sinusoidal portion of the armature reaction. 
The third harmonic portion of the armature reaction increases 
the flux per pole, when the current is a lagging one, and therefore 
more net field current is required to produce E, under load 
conditions than at no-load. The higher harmonics in the arma- 
ture flux may also increase the saturation, but their effect is 
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usually small. The magnetizing action of the third harmonic 
component, in equivalent field current, is somewhat less than 


"CENE XE IN N, 103 + i163 ма + жа.) . * 
Aos = 3 va N, І, Gara + 9 _ 2 sin 0, 


In Fig. 15 E, is the armature voltage which would be produced 
by I, on open circuit. Under load, because of the increased 
saturation due to the third harmonic, it requires J’, amperes to 
produce this same voltage. The entire magnetizing action for 
this condition is equivalent to a field current of (I', + Ao) 
amperes. On open circuit this would produce a voltage E. 
Perhaps the simplest method of determining the field current, 


.. 


Fic. 14 Fic. 15 


I’, , necessary to give the required armature voltage is to assume 
two values of E somewhat above the actual armature voltage, 
E., to calculate the corresponding values of E, and then to 
interpolate between them. The values of J’, and E, corres- 
ponding to an open circuit voltage E are 


I" 
1; 


Fa = I,— Ass and E, = E 

It is suggested that values of J; be chosen equal to [» + Ao3 and 
І, + 8 А». This correction is qu te small unless the saturation 
is high and the power factor is low. Except in a few cases to 
which attention is called no account of this effect is taken in the 
calculations that follow. 


“Бог a lagging current sin 6, is negative. 
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Increased Field Leakage. On open circuit the field current 
produces not on y the flux in the airgap but also the leakage flux 
between the poles. Under load conditions the field current 
must usually be increased if the flux is to be maintained constant, 
on account of the demagnetizing effect of the armature reaction. 
Since the pole leakage is nearly proportional to the field current, 
it will usually be greater under load conditions than at no-load 
for the same armature voltage. The increased leakage requires 
additional field current, which is proportional to the difference 
between the calculated value of the field current, Jz, and that 
required to produce the armature voltage, namely I'r. Ап 
approximate value of this added field current is 


Е uy): G, — I'r) 


in which v is the leakage coefficient of the field, и, the saturation 
factor for the field poles and yoke, and y, the ratio of ampere 
turns required for the field poles and yoke to those required for 
the rest of the magnetic circuit. These coefficients should all 
be calculated for a condition of the magnetic circuit correspond- 
ing to the field current 77%. 


NUMERICAL CALCULATION OF FIELD CURRENT 


1080—h p., 3-phase synchronous motor. 


МО tende e I Bp donee 6600 
{ж ЗҮ КЕТТ СЕК КҮЛ ое: 6 
ООП сара ӘСЕ ГКК УККУС ССГ 108 
Series conductors per slot.................... 14 
СОРИ 2 бастым ФА Рен оран Г ГГ 0.83 
Turns per field spool ......................... 462 
Pole arc: pole pitch ........................ 0.642 
Field Leakage coefficient..................... 1.083 


amp. turns, poles and yokes 


Bano amp. turns airgap, teeth and arm. core ``’ 0-04 
Saturation factor—field poles and yokes 
(E: 0029) енота 5.6 
ONG ат E B RUE ER bct eia ra Ut de dee 0.803 
C ——— 0.269 
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Calculation of field current when 98.5 amperes 15 delivered at 
a power factor of 0.42, leading 


N, 18 X 7 


I, = 0.707X 0.923 X x 93.1 


0.707 К, 


№ 462 
= 16.57 for L, = 93.1 
= 17.52 for I, = 98.1 


Armature reaction at zero power factor 
Ay = 1.072 X 16.57 
= 17.76 equivalent field amperes. 
Field current on short circuit for armature current of 93.1 
amperes is 19.2 amperes. Armature voltage on open circuit for 
field current of 50 amperes is 2250 volts. 


19.2 — 17.76 
Ix, = TE = x 2250 
— 648 volts for armature current of 93.1 amperes 
== 686 “ “ “ “ “ 08.5 « 
V = 6600 cos 0— j 6600 sin 6 cos 0 = 0.42 
= 2772 — 7 5990 
I za = 92 + J 686 Ir = 92. volts 
E, = 2864 — j 5304 | (between terminals) 
— 6025 volts 
Corresponding field current from saturation curve. 
I, = 14.2amperes ; 
2864 ‚ 5304 
= 6025 X 14.2 — 7 0025 x 14.2 
= 6.75 — 7 12.49 


Armature reaction at unitv power factor for armature current of 
98.5 amperes. 
А, — A» = 0.535 X 17.52 


= 9.38 
I, + j(Ai— Аз) = 6.75 — 73.11 
= 7.43 
2 А, зп 0, = 0.537 X 17.52 X d 
7.48 
= 3.94 
I, = 7.43 — 3.94 9, is an angle of lead 
pee 8.3 PESE 
2 иу = ің 3 X 0.026 X 5.6 


l 
< 
= 
= 
м 
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I'; — І, = 0.011 (3.49 — 14.2) 
: Гұ = 3.37 
Measured value of field current = 2.0 
It is difficult to predetermine accurately the field current of a 
synchronous generator for a given load condition, rarticularly 
when it is delivering a leading current. If the so-called magneto- 
motive force method or the method proposed by the A. I. E. E. 
is taken as the standard of simplicity, then it can be said that 
there is no simple method of calculating the field current that 
will give reliable results for every load condition. The effect of 
the armature current 15 much too complicated to be calculated 
so easily. The general method, in which the leakage reactance 
and armature reaction are determined by the Potier triangle. is 
perhaps as good a compromise as any between accuracy and 
simrlicity. 
TABLE OF COMPARATIVE FIELD CURRENTS. 


FIELD CURRENT 


Output Voltage | Р.Р! 

Gen. 

method | М. M. F.| A.I.E.E.| Proposed | Observed 
500 kv.a. 240 |—0 0 [....... 121:5}........ 134 135 5 

1.500 kv-a. 2.300 |-0.0 |....... 120.5 |........ 135 7 130 

2,000 kv-a. 2.300 |-O.O |....... 19. |........ 214. 227. 
| 2.0000 kv-a. | 2.100 |-0.0 |....... 525|........ 60.5 64.5 
1 2.000 куза. 2.100 |+0.0 | -124| -56|........ -8.7 -10.0 
| 2,500 kv-a. 2.300 |-0.0 |....... 257. кла м Ls 330. 

327* 
| , 10.8 . 

2,500 kv-a. 2.300 | 40.0 — 12. К, 67 —6 —4.8 
f 5,000 kv-a. 2.300 |-00 |....... 935 usn 258 251. 
l 5,000 kv-a. 6,600 |-0.0 |....... B21). Cosas as 24647" 250. 

5,000 kv-a. 6.600 | 1.0 | 173 171 165 170 169. 
| 83. 5 amp. 11,150 10 40.0 39 5 36 41.147" 42.8 

68.0amp. | 11.550 |+0 784| 53. 48.1 56 58.2 59. 

12,000 kv-a. 6.600 |-0.0 |....... S79. Need asan 406 410. 

| 9З.1 атр. 6.600 |-0.0 |....... Уа CREE 36.8 36.9 

110 amp. 6.600 |+0.72 | 16.6 16.5 16.7 13. 12.0 

| 98.5 amp. 6,600 | +0.42 9.2 90 1 3.37 2.0 

1.+ sign indicates a leading current; — sign, a lagging current. , 
Two-phase. 


As a motor. 

. Corrected for effect of third harmonic. 

Armature m.m.f. from short circuit data. 

Armature m.m.f. from zero power factor data at rated voltage. 
Not corrected for increased field leakage. 


NANAY 


The author wishes to aknowledge his indebtedness to the General 
Electric Company and Westinghouse Electric and Manufacturing Com- 
pany for the data from which these results were calculated, 
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APPENDIX I 
Refer to Fig. 16. N), №, Ns and № indicate the numbers of 
turnsin the coils. Let Bo be the average flux density per ampere 
turn when one coil alone is acting. The flux density per ampere 
at a distance x, measured from the center of a belt of conductors, 
reduces to 


_ 8 Во q Y 3 q Y 5 q Y 
8 = E > (№ COS ә + N: сов 2 + №; сов 2 
4 


"1. 
7) — sings 


If any harmonic is to be eliminated its coefficient in this series 
must be zero. Since there are three independent variables in 


+ Neco’ 


. | N N 
each coefficient, viz. № ; $ — at least three harmonics 
Ni №, N. 


and their odd multiples may be eliminated. Choose these 


ЗГЕШЕ RR Lu REN aL 


№ NN,N, 


Fic. 16 


variables so that the third, fifth and seventh harmonics will 
vanish. Since there are 9 slots per pole the angle y/2 equals 
10 degrees. The equations are 


М, cos 30 + N; cos 90 + N; cos 150 + N, cos 210 = 0 
№, cos 50 + N. cos 150 + М; cos 250 + N, cos 350 = 0 
М, cos 70 + Ne cos 210 + N; cos 350 + М, cos 490 = 0 


The ninth harmonic vanishes for any number of turns in the coils. 
The equation for the eleventh harmonic coefficient is identical 
with that for the seventh except that the signs are changed. It 
therefore vanishes. The same is true for the thirteenth and 
fifteenth harmonics. Thus the first harmonic that appears is 
the seventeenth. The other higher harmonics that may be 
present are the nineteenth, twenty-third, twenty-ninth, etc. 
The first harmonics that appear, viz. the seventeenth and the 
ninteenth are of the same order as would be produced by the 
rotor slots. They could be reduced to small proportions by 
closing the slots with magnetic wedges. The solution of the 
above equations for the relative numbers of turns in the field 
coils gives 
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№, _ 
N. = 0.88 
м, _ 
№ _ 
N, = 0.35 


The efficiency of the?winding is 80 per cent. 

The reduction factor for the seventeenth harmonic is the 
same as that for the fundamental but the harmonic is reversed 
in phase. The same is true of the nineteenth harmonic. Each 
of these harmonics thus occurs in the same relative magnitude 
as it would in the distribution due to a concentrated winding. 
Making the correction for saturation, neither alters the efficiency 


of the winding nor the reduction factors for the seventeenth and 
nineteenth harmonics, but does alter their relative magnitudes. 


bi 
Bo 


than at low saturation. 


If is 0.10, they are both about thirteen per cent greater 


APPENDIX II 


In Fig. 17, В, = В. if xı = T — xs and wt, = — wt, and the 
magnetic circuit is symmetrical about its center line. 

В, = ZA, sing Х1 + 2 CZ cos q xi 

В, = ZA," sin q хә + Z C4" cos q хе 
But since хі = 7 — хо, and q is always odd 

В, = 2A," sin q xi — Х CZ cos 4х! 
From this it follows that A,’ = A,” and Cë = — Се. 

But A, and C, are periodic functions of 2 w t and since w t, 
= — W h, Ag must be a cosine series and C, a sine series. 
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If one tip of the field pole is more highly saturated than the 
other, as it usually would be, the magnetic circuit will not be 
quite symmetrical about its center line. This distortion is 
probably never very great since most of the reluctance 1s in the 
airgap. Its effect would be to introduce sine terms into the 
series for A, and cosine terms into the series for Cy. The final 
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result would be to produce small quadrature electromotive 
forces in the armature winding which would otherwise be absent 
and which are neglected throughout this analvsis. 


APPENDIX III 


Calculation of Coefficients. The following assumptions in 
regard to the distribution of flux in the airgap are ccnsidered 


Fic. 19—Frtvx DISTRIBUTION DUE TO ARMATURE CURRENT. ZERO 
DEGREEs. 


ideal. Thev are chosen to represent the actual conditions as 
nearly as possible and still allow relatively simple calculations 
to be made. With these assum[tions, however, it requires 
about fifteen pages of close calculation to obtain the desired 
coefficients. In practise, it mav happen that the departure of 
the actual distributions from these ideal forms тау be so great 
as to warrant new calculations that will more nearly fit the 
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Special case. The flux distributions can also be determined 
experimentally and the coefficients deduced therefrom. 

With one ampere-turn acting rer field pole the flux distribution 
in the airgap 1s assumed to be sinusoidal, with a maximum value 
of B,. See Fig. 18. For the same saturation of the main mag- 
netic circuit with one armature turn carrying one атреге, the 
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GREES 


flux distributions for different positions of the turn are shown 
in Figs. 19, 20 and 21. At zero degrees, with the armature coil 
directly opposite а field p ole, the distribution is an inverted sine 
curve between the poles and coincides with the distribution due 
to a field ampere-turn under the poles. The maximum value is 
Bm. At 45 and at 90 degrees, the distribution is also an 


| ZL 
2 ' 
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GREES. 


inverted sine curve between the poles and coincides with the 
distribution due to a single field ampere-turn under the poles. 
Taking the maximum value in each of these four cases as B, 
assumes that the reluctance of the armature core, pole and yoke 
is negligible compared with that of the airgap and teeth. This 
is nearly so at low saturation. For operating conditions the 
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saturation is higher and the flux densities due to an armature 
coil will be relatively greater for those positions that give flux 
paths that do not include the field poles, yokes and core. In 
order to make the calculations as simple as possible it is assumed 
that this applies only to the distribution at 90 degrees. It 
should also apply to the distribution at 45 degrees. Тһе method 
of estimating this increase in the flux density, however, assumes 
that the condition of the magnetic circuit for a coil position of 
90 degrees is the same as at low saturation. This assumption 
neglects the increase in reluctance of the armature core and pole 
faces and thus makes a compensating error. 'The method of 
estimating the increase in the flux density for a coil position of 
90 degrees is illustrated in Fig. 22. If the saturation of the 
main magnetic circuit is determined by Е’ 
the voltage E, оп the open-circuit sat- 

uration curve, the value of the maxi- 


mum flux density should be taken as < 
, 


= B, for the distribution at 90 de- 
grees. 
In the two latter positions of the arma- 


ture coil the amplitude of the inverted 


sine curve is taken as 1 — — 
t+ g 
of the density at the pole tip*, where b 


is the width of the interpolar space and 
g is the length of the airgap at the pole tip. An average 
value of this amplitude is about 0.85 and it is taken as such 
in the calculations. The Fourier analysis of these assumed flux 
distributions gives formulas for the coefficients of the sine and 
cosine terms of the fundamental and third harmonic distribu- 
tions. If the coefficients of the third and higher harmonics in 
the variations of these coefficients are assumed to be negligible, 
the approximate values of оа), Gi, 1€1, 1483, 2@3, 1€3 and ос 
can be calculated. At the end of this appendix these coeff- 
cients are tabulated for a ratio of pole arc to pole pitch of 0.70 
for different saturations. For ratios of pole arc to pole pitch 
between 0.65 and 0.75 the armature flux is nearly constant. 


Fic. 22 


*This formula is due to Mr. F. W. Carter, who, however, uses it in 
connection with the problem of determining the flux distribution opposite 
an armature slot placed in an otherwise uniform airgap. 
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Different assumptions in regard to the shape of the flux 
distributions for different positions of the armature coils would 
give different values for these coefficients. Considerable 
research may be necessary before reliable representative values 
сап be chosen. Oscillographic measurements made at low satur- 
ation on a 7.5-kw. generator give a ratio of third harmonic to 
fundamental component at unity power factor of 52 per cent, 
and at zero power factor of 18 per cent. The ratio between the 
fundamental fluxes for unity power factor and zero power factor 
is 45 per cent. Referring to the table of coefficients it will be 
seen that the calculated values of these ratios are respectively 
64 per cent, 22 per cent and 50 per cent. The coefficients given 
in this paper are only roughly indicative of the general results 
that may be expected, and the following conclusions are liable 
to some error. Within its usual values the ratio of pole arc to 
pole pitch has apparently little effect on the armature reaction. 
At unity power factor the reaction is about 3 per cent greater 
for a ratio of 0.75 than for one of 0.65. For a ratio of the 
length of the airgap at the pole tip to the length of the interpolar 
space of 0.05 the reaction at unity power factor is about 2.5 
per cent less than for a ratio of 0.10. Saturation has no effect 
on the armature reaction at zero power factor but at unity power 
factor the armature reaction increases with the saturation. At 
higher saturations the third harmonic in the armature reaction 
is more prominent than at lower saturations at unity power 
factor, but at zero power factor the third harmonic component 
is practically constant. 


TABLE OF COEFFICIENTS.* 


Saturation........... 1.0 1.11 1.2 1.3 

MER RA Louer irre s 0.80 0.82 0.83 0.85 
we PER 0.27 0.26 0.24 0.23 
183 + 1¢3 

са T" —0.29 —0.30 —0.32 —0.33 
24% + ics 

ase oes 0.05 0.07 0.09 0.10 


2 


*To obtain the best results the coefficients should be calculated for the proper ratio of 
рое are tn pole pitch and for airgap to interpolar space. 
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ELECTRIC ARC WELDING 


BY A. M. CANDY 


ABSTRACT OF PAPER 


The exacting demands of the present World War have given 
a tremendous impetus to the application of electric arc welding 
methods for making rapid repairs to a great variety of machinery 
and apparatus required in the successful conduct of the conflict. 
The British Admiralty has adopted the process extensively for 
ship construction including minor structural parts, caulking of 
seams, and for partially eliminating riveted construction. At 
present the United States Shipping Board Emergency Fleet Cor- 
poration has an active Welding Committee working upon the 
application of electric welding with a view to ultimately produc- 
ing merchant ships which will be largely built by welding instead 
of the present riveted construction. 

Probably the chief reasons for the apparent apathy of the 
general industrial world toward arc welding are the haphazard 
methods employed, using any kind of electrical equipment, any 
kind of wire for electrode material and any kind o laborer or 
general handy nfan as a welder. This situation is being gradu- 
ally improved, owing to a number of articles appearing recently 
in the technical press which emphasize the proper methods for the 
execution of satisfactory welds, general methods of supervising 
and inspecting welding work, and the s seu of proper electri- 
cal equipment. 


HISTORICAL 


HE process of arc welding may be defined as the utilization 

of the intense concentrated heat, produced by the electric 
arc, for melting and fusing the metals to be welded. The elec- 
tric arc produces the hottest flame known to science and there- 
fore it is uniquely adaptable to the welding art. 

That the arc welding process is not new is evidenced by the 
fact that N. V. Benardos of St. Petersburg (Petrograd) in 1887, 
secured a patent for the now generally known ''carbon electrode 
process." (Fig. 1.) А few years later Slavianoff introduced 
a process for casting metals into blow-holes of defective cast- 
ings by producing an arc between an electrode comprising a 
metallic rod and the casting. The arc produced melted the 
rod and heated the casting sufficiently so that the melted metals 
united. This process is now generally known as the “metallic 
electrode process." Another process was invented by Dr. H. 
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Zerener, of Leipsig who produced an arc between two carbon 
electrodes, the resulting flame being deflected on the metals 
to be welded, by means of an electromagnet. 

Fig. 2 indicates the original scheme of Benardos. 1% will 
be observed that he used a storage battery for the source of 
power. It is undoubtedly true that the slow progress made in 
the arc welding art during the early years following its intro- 
duction was due principally to the non existence of generating 
equipment suitable for the service. 

Fig. 3 indicates a special adaptation by De Meritens who 
was also one of the first workers in the art. He provided for 
operating the arc in a comparatively small enclosure or case, 
the top being of glass of a color suitable for the protection of 


BENARDOS PROCESS 
ARC DRAWN BETWEEN THE METAL TO BE WELDED WHICH 
FORMS ONE TERMINAL OF AN ELECTRIC CIRCUIT AND A 
CARBON ELECTRODE WHICH FORMS THE OTHER TERMINAL. 


SLAVIANOFF PROCESS 
ARC DRAWN BETWEEN THE METAL TO BE WELDED WHICH 
FORMS ONE TERMINAL OF AN ELECTRIC CIRCUIT AND A 
METAL ELECTRODE WHICH FORMS THE OTHER TERMINAL. 


ZERENER PROCESS 


ARC DRAWN BETWEEN TWO CARBON ELECTRODES THE 
METAL TO BE WELDED BEING PLACED IN CONTACT WITH 
THE ARC. 


Fic. 1 


the operator's eyes; the case being ventilated by means of the 
passage as illustrated. This arrangement must surely have 
made the operation ofgmanipulating the electrode rather diffi- 
cult, and furthermore the collection of burnt gases and smoke 
must have interfered with the vision of the operator. However, 
welds free from burning and pitting must have been easily pro- 
duced, due to the arc and molten metal being surrounded by 
inert gases produced by the welding operation. 

Fig. 4 illustrates a form of the apparatus introduced by 
Zerener. Аз will be observed the two carbon electrodes are 
mounted at the bottom of the apparatus, their axes being at 
an angle so that the arc may be operated close to the work. 
Immediately above the tips of the carbons is the winding of 
the electromagnet, the iron core or circuit of which terminates 
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in two curved poles located at either side of the arc stream. 
The magnetic field produced by this electromagnet deflects 
the arc downward. This apparatus is in reality of historical 
interest, only, because it is not used today in this country and 
only in a few factories in Germany. 


Fic. 2 


PRESENT PRACTISE 


In present practise the apparatus required may be sum- 
marized as follows: 

1. А low voltage direct current generator. 

2. Switchboard for control of generator and welding circuits. 

3. Electrode holders for both carbon and metallic electrodes. 

4. Welding materials such as spare metallic and carbon elec- 
trodes, and filling materials. 
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5. Protective coverings for operators. 

6. Moulding blocks, fire clay and preheating furnaces. These 
are required for special applications only. 

Arc welding is inherently a low voltage application of electric 
power because it is a characteristic of {Бе electric arc that it 
is most stable when operated at from 20 to 50 volts. The 
arc, however, is inkerently an unstable body having a charac- 
teristic which can be best expressed as a negative resistance 
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coefficient. In other words, as the current increases the volt- 
age drop across the arc decreases, or what is more important, 
with a fixed voltage across the arc the current increases in- 
definitely. For this reason therefore, it is necessary to provide 
a resistance in series with the arc when the source of supply 
is a constant potential circuit. It is generally customary there- 
fore, to employ a source of supply having a potential of from 
60 to 75 volts, d-c. Direct-current sources of 110, 220, 400, 
550, and 600 volts can be used with entire satisfaction relative 
to the stability of the arc, but the power loss in series rheostats 
in such instances is excessive. Asa rule low voltage 4-с. sources 
are not available and therefore, in the majority of instances 
it is necessary to install suitable generating equipment. Such 
an equipment will comprise one of the following: (1) a gener- 
ator only to be driven by an engine or line shaft, (2) a d.c. to 
d-c. motor-generator set or (3) an a-c. to d-c. motor-generator- 
set. 

Motor-Generator Sets. Fig. 5 illustrates a 1600-атрете, 
a-c. to d-c. motor-generator set which has been in use daily for 
over ten years in a large electrical manufacturing plant. Fig. 6 
illustrates a 600-ampere, a-c. to d-c. motor-generator set. Fig. 7 
illustrates a 600-ampere, d-c. to d-c. motor-generator set. 

Generators for welding service are usually compound wound, 
and should be provided with commutating poles because of the 
momentary overload produced when the arcs are struck. The 
capacity of the generating equipment required is determined 
by the character of welding work to be performed and the num- 
ber of operators who will work simultaneously. As a rule 
welding service is of a very intermittent nature, but if the equip- 
ment is used for cutting work, such as risers on steel castings, 
the service may be practically continuous. 

Control Equipment. Switchboards and control apparatus 
for arc welding service have been materially improved within 
recent years. The first welding plants were one-man outfits 
arranged so that the welding was performed in an enclosure 
adjacent to the generator. The successful application of arc 
welding, however, has increased to such an extent in the in- 
dustries that it has been found desirable and profitable to ex- 
pand the one-man outfit into a system permitting a number of 
operators to work simultaneously at various positions dis- 
tributed over an extensive area. This development has resulted 
from a more extensive use of the metallic electrode process, 
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which has been generally adopted in railway and locomotive 
shops for many varieties of work. 

Fig. 8 illustrates control panels which are typical of present 
practise. The panel at the right is a combination motor-gen- 
erator and welding circuit control panel. The panel at the left 
is for the control of one welding circuit and is generally termed 
an “Outlet Panel." 

The metallic electrode process generally is most satisfactory 
if the current required is within the limits of 50 to 175 amperes. 
Some applications however, may require a minimum of 25 
amperes and still others a maximum of 225 amperes. For the 
carbon electrode service satisfactory results cannot be secured 
with less than 300 amperes. For some applications as much 
as 500 to 800 amperes may be required, especially if much 
cutting is to be done at an appreciable speed. 

Accessories. Because of the intense heat generated by the 
arc it is necessary to secure the electrode (carbon or metallic) 
in a properly designed holder. There is a distinct type of kolder 
designed for each of the two types of electrodes. Such holders 
are illustrated in Fig. 9 the one above being for a carbon electrode 
and the one below for a metallic electrode. 

The carton Folder comprises an aluminum rod, one end being 
ftted with a suitable connection for attaching the feeding cable; 
to the other end a tute is welded, which contains two jaws 
or clamps for holding the electrode. The portions of the clamps 
in the tube are tapered and, therefore, the clamps grip the 
electrode when they are forced into the tube. The cable end 
of the holder is provided with an insulating, heat-resisting 
handle and a disk shield to protect the operator not only from 
electric shock Lut also to protect his hand from the heat of the arc 
The electrode is a solid carton, or more strictly speaking a 
graphite rod, one inch in diameter and from six to eight inches 
long. This holder is sufficiently light to Ее handled easily and 
is strong mechanically; the current-carrying parts have ample 
capacity for 500 amperes. For current above 500 amperes, up 
to and including 800 amperes, a larger holder of similar design 
is available. 

Tte metallic electrode Holder is consideratly lighter than 
the carbon holder and the disk shield 1s omitted because the 
heat generated at the arc is much less intense. The electrode 
is clamped in the holder by a cam device which is designed so 
as to accommodate electrodes of vérious sizes. 


° 
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The intense brightness of the light rays radiated by the 
electric arc necessitates thcrough protection of all parts of the 
human body. For this reason if at all practicable it is advisable 
to perform all welding within an enclosure especially if other 
persons such as workmen are located within the vinicity of the 
welding equipment. Furthermore it is essential that the head 
and hands of each operator and helper be effectively protected. 
Simply shielding the eyes with colored glasses is not sufficient 
because the rays emanating from the arc wil] produce a burning 
quite similar to and equally as painful as sun burn. The effect 
wil not be noticed at the time of exposure but will manifest 
itself within a period of ten to twelve hours thereafter. For 
the protection of the ойу, ordinary clothing is usually suff- 
cient, but the wrists and hands should te protected by heavy 
gauntlet gloves. Under no circumstances should the arms be 
exposed by rolling up sleeves. For the protection of the head 
and eyes, nothing is superior to the helmet indicated at the 
left of Fig. 9. This helmet is a cylinder of micarta or aluminum 
normally held in place by leather straps, and suitably shaped 


at the lower end so as to rest easily on the shoulders. At the 


front of the helmet is an offset or recess at the end of which is 
a frame containing glasses through which the operator observes 
the work when welding. This frame is held by springs in the 
position indicated and is designed to be turned up so that the 
glasses are out of range when the operator desires to inspect 
welding work performed, thus obviating the necessity of re- 
moving the hood so frequently. The glasses are mounted an 
appreciable distance from the operator's eyes to minimize the 
heat radiated from the glass to the eyes of the operator. 

The glass window of the helmet is of primary importance 
because it is absolutely essential to protect the eyes against 
the ultra-violet rays which are very abundant in an arc drawn 
between carbon and iron or iron and iron. Scientific investi- 
gations have revealed the fact that ultra-violet ravs will pene- 
trate human tissue to a depth of approximately one inch. These 
same rays have been successfully employed for the treatment 
of cancer and similar malignant growths. Recent investiga- 
tions, however, have indicated that continued exposure of the 
eyes to the ultra-violet rays will lead to the formation of cata- 
racts resulting ultimately in total blindness. The helmet 
glasses must, therefore, successfullv absorb these harmful rays. 
The best possible arrangement is that of three layers of glass. 
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The outside layer (toward the arc) to be ordinary clear glass. 
The second and third layers should be of a greenish or amber 
tint and must be capable of absorbing the ultra-violet rays, 
as will 'Noviweld" glass which has proven very satisfactory. 

In many applications of the metallic electrode process the 
actual periods of welding are short and furthermore the oper- 
ator has one hand free. It has been found, therefore, that a 
shield is much more desirable than a hood or mask. Such a 
shield is similar to the mask. In other words if a mask were 
flattened out into a sheet and a handle provided it would be 
practically the same shape as a shield. 

Filler Material, etc. The principal materials used for arc 
welding comprise metallic electrodes, carbon electrodes, and 
filler material. The most satisfactory metal for general metallic 
electrode work probably is welding wire which can be readily 
procured in rods of 3/32 to !/, inch in diameter and about 
14 inches long. Carbon electrodes are usually a special graphite 
material about ?/, to one inch in diameter and about 12 inches 
long. These electrodes are consumed slowly but are subject 
to breakage and therefore may require replacement frequently. 
Filler material may be classified the same as metallic electrodes 
as it serves the same ultimate purpose, namely that of supplying 
the bond for the piece or pieces welded. As a rule no flux is 
necessary; however, authorities disagree on this point and, 
therefore, a flux is used by some operators. The theory of the 
functioning of the flux is that, if carbon is introduced in the 
weld from the carbon electrode, it will unite with the oxygen 
of the flux, thus leaving pure iron in the weld, the carbon having 
disappeared in a gaseous form, namely that of carbon dioxide. 
In practise, it produces additional slag which must be removed 
from the weld. 

EXECUTION OF ARC WELDING 


Welding by the electric arc process is an art, which like all 
arts is not subject to any definitely fixed rules of execution. 
There are, however, certain fundamental principles which 
must be observed. The degree of success attained will depend 
almost wholly upon the skill and intelligence of the operator. 
Some workmen become experts in a comparatively short time 
while others experience difficulty and are never able to produce 
consistently satisfactory results. 

The process of welding may for convenience be considered 
as comprising three distinct operations, namely; (1) prepara- 


1166 CANDY: ELECTRIC ARC WELDING [Nov. 13 


tion of the work, (2) striking the arc, (3) manipulation of 
electrode, filling material, and the article or articles being welded. 
Preparation of the work. Опе of the most important factors 
in producing good welds is the absolute freedom from dirt, 
grease, scale, etc. of the surfaces to be welded so as to produce 
good fusion and eliminate slag. А stiff wire brush is very useful 
for such purposes, although in many instances chipping must 
be done. А sand blast if available will be found very desirable, 
especially if much area must be cleaned. Frequently it is per- 
missible or even advisable to clean the work with the carbon 
electrode arc, no attempt being made to weld until the impuri- 
ties have been burned off. If necessary, the article to be welded 
may be tipped so that the molten impurities will flow off readily. 
The next step is to properly shape the surfaces on which the 
weld is to be made. If a crack in a plate or a bar is to be filled 
in, it should be chipped so that a V-shaped 90 deg. groove is 
formed. If a casting is to be repaired, temporary supports for 
the broken member may be required. If a projection such as 
a lifting bail or lug must be replaced, it will be necessary to use 
a mould of fire clay, or moulding blocks of carbon or iron. In 
some instances it may be necessary to preheat the article before 
welding in order to prevent unequal cooling strains in the metal. 
For such work a preheating furnace is required. If the piece 
to be repaired is large it may be necessary to construct a tem- 
porary furnace, provided with removable portions so that when 
the metal is at a cherry red heat the welding electrode may be 
readily inserted for performing the welding operation. | 
Striking the Arc. After the piece to be welded is properly pre- 
pared it should be connected to one terminal of the welding 
circuit. If the piece be small the most convenient arrangement 
is to place it on a metal table or support to which the terminal 
of the welding circuit is connected. If the piece be large the 
terminal may be secured to it directly either by means of clamps, 
or by forcing the terminal into some hole or pocket located in 
the article to be welded. The circuit breaker and line switch 
mounted on the panel must then be closed in the order named. 
The operator then slips the mask into place, and touches the 
electrode to the work withdrawing it instantly, thus striking 
the arc. The carbon electrode if possible should be withdrawn 
at least two inches. Practically no difficulty will be found in 
striking and maintaining an arc with the carbon electrode. 
With the metallic electrode, however, considerable difficulty 


` 
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may be experienced especially at first because the electrode will 
have a tendency to stick (freeze) to the work. Furthermore, it 
is not possible to successfully maintain the arc much in excess 
of 3/1: of ап inch long. Аз the electrode melts and forms the 
weld it is necessary for the operator to feed the electrode toward 
the work at practically the same speed as it melts in order to 
maintain the arc and prevent its rupture. The novice or be- 
ginner will do well to master the handling of the carbon electrode 
first. : 

When an arc is struck there is no arc voltage and the con- 
tact voltage drop between the electrode and the work 15 compar- 
atively small. The flow of current, therefore, is limited only 
by the resistance and reactance of the circuit including the 
welding or ballast resistance. Typical fluctuations of the volt- 
age and current are accurately depicted by the curve indicated 
by Fig. 10. When the metallic electrode was touched to the 
work the current increased from 0 to about 220 amperes in about 
1/0 of a second at which value it remained for about !/, of 
a second. The current then decreased to about 125 amperes 
in !/2 of a second after which the average value is somewhere 
near 140 amperes. Therefore, the entire period of time between 
striking the arc and obtaining the welding current is about 2/% 
of a second. А portion of the 25-cycle timing wave is indicated 
at the lower right corner of the slide. However, a similar curve 
Fig. 11 illustrating the current and voltage fluctuations incident 
to striking an arc with a carbon electrode, indicates that the 
initial current is but little in excess of the normal welding cur- 
rent. This is no doubt due to the high contact resistance be- 
tween the carbon electrode and the metal. 


MANIPULATION OF ARC AND WELD 


The Carbon Electrode. After striking the arc it should be 
played over the surface of the piece to be welded by a rotary 
motion of the hand so as to heat a considerable surface uni- 
formly. When the metal becomes molten, the flux (if any is 
used) and the filler material should be fed a little atatime. Suffi- 
cient filler should be melted and deposited at the proper loca- 
tion to form a satisfactory weld when the metal cools and 
solidifies. As the metal begins to cool it should if possible be 
hammered thoroughly to prevent sponginess and produce a 
finer grain in the finished weld. 

The Metallic Electrode. The metallic electrode is at once the 
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heating electrode and filler material, therefore the arc must 
be played at the exact spot where the welding is to be done. 
Otherwise, the manipulation of the weld is the same as specified 
for the carbon electrode, except that a short 20 volt arc should 
be maintained. 
POLARITY 

It is essential that the electrode be of the proper polarity, 
namely negative, for several reasons. First, for carbon elec- 
trode work, if the arc is maintained comparatively long, hard 
welds which are difficult to be machined will not be formed. This 
is because the direction of the flow of current is from the work 
to the electrode and therefore the possibility of injecting carbon 
from the electrode into the weld is minimized. Second, a 
greater proportion of the heat developed by the arc is generated 
at the positive terminal, and therefcre is generated where it 
is most desirable, namelv at the surface of the metal to be welded. 


CARBON VERSUS METALLIC ELECTRODES 


If the weld to be executed is of considerable size and if strength 
is not of paramount importance, the carbon electrode process 
will produce satisfactory results in less time than required for 
the metallic electrode. The carbon electrode is always used 
for cutting. 

If the ultimate strength of the finished weld is an important 
factor the metallic electrode should be used. It should also be 
used if it is essential to have the heating of the work localized 
and restricted to a small area, furthermore, small welds can 
be better executed with the metallic electrode. 


APPLICATION FOR ARC WELDING 


The field for the application of electric arc welding is a very 
broad one. Practically every industry making use of iron and 
steel can utilize the arc welding process to advantage. For 
instance, in the shops of a large electrical manufacturing plant, 
both the metallic and carbon electrode processes are used prin- 
cipally for the repair of broken and defective steel castings. In 
one instance, however, it is used extensively in the regular 
manufacture of modern motor frames. The frame of such a 
motor is a slab of open hearth steel, rolled to the form of a ring 
by a special forging machine. This ring after being tested for 
size and diameter is allowed to cool and 1s then sent to the 
welders who weld together the two ends of the slab, thus form- 
ing a continuous ring. 
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In foundries and machine shops, many applications for arc 
welding equipments may be found, the principal one of which 
is probably that of cutting risers off castings. The cross sec- 
tional area of such risers is frequently quite large but by using 
a current of 600 to 800 amperes they can be removed readily. 
Fig. 12 illustrates holes cut with the electric arc. Occasionally, 
during the operation of machining a casting, blow-holes will 
be revealed which may seriously impair the strength and appear- 
ance of the casting. Without removing the piece from the 
machine such defects can be readily repaired by arc welding, 
as is illustrated by Fig. 13. In this instance a large blow-Fole 
was discovered in the hub of tke cast steel flywheel. The defect 
was satisfactorily repaired in 15 minutes. Fig. 14 illustrates 
a most interesting instance of reclaiming a defective casting 
through the medium of arc welding. Due to an oversight in 
a foundry six cast steel frames for large mill motors were cast 
without the supporting members for the axle Erackets. Тһе 
loss invclved was quite an item and therefore it was decided to 
endeavor to repair the castings by the arc welding process. 
Supporting pieces of steel were prepared, the ends teing welded to 
the frame and axle brackets as indicated. A very successful 
job resulted which has teen entirely satisfactory. 

Street railway systems have many applications for arc weld- 
ing, such as, repairing broken motor frames, brake rigging, 
worn rails, and in fact all steel parts subject to wear. Fig. 15 
indicates a very common example, namely, that of armature 
shafts which have been worn excessively. It is practicable to 
build new material on these shafts by the arc welding process, 
after which the shafts may be machined to size in the usual 
manner. This process is considerably less expensive than press- 
ing out the old shaft, which must be scrapped, and pressing in 
a new shaft. If the armature punchings are built directly on 
the shaft then the saving is very marked because in many such 
instances the removal of the shaft means practically rebuild- 
ing the armature. Another interesting application is that of 
building material on worn track frogs and crossings which are 
subject to severe and rapid local wear at the points, which are 
hammered by the wheels of passing cars. It is frequently 
difficult and expensive to replace such pieces of special track 
work in busy streets of large cities and, therefore, the arc weld- 
ing process is very commendable as the worn parts can be built 
up.and ground to shape without being removed. "There are also 
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authorities who recommend welding the fish plates or rail joints 
to the rails instead of the bolted or riveted construction used 
heretofore. 

In steel mills electric arc welding can be used to advantage 
in many applications. For example, Fig. 16 illustrates two 
steel mill wobblers, the ends of which have been repaired by 
the arc welding process; the white lines indicate the new metal 
deposited. It is interesting to observe that these wobblers are 
worth approximately $1000 a piece, whereas the cost of repair- 
ing by the arc welding process is but $85 each. These wobblers 
could not be saved in any other manner. Fig. 17 indicates a 
large pinion which was reclaimed in a similar manner. 

Blast furnaces, which are an adjunct of steel mills, present 
a very interesting application, namely that of burning out the 
furnace top holes. By using the carbon arc it is possible to 
burn the cold metal plugging the top hole so the molten metal 
will flow (See Fig. 18). If the hole becomes clogged with cin- 
der or other non-conductor, it is only necessary to drive a steel 
bar into the hole until it makes a contact with the molten metal, 
after which the steel bar may be melted by the carbon arc thus 
releasing the molten metal. For this service special appliances 
are necessary. First, a carbon rod several inches in diameter 
and about four feet long must be inserted in a suitable piece 
of wrought iron pipe to which a long wooden handle is secured. 
Second, arrangements must be made for supporting this electrode 
so that the operator need not work in a position too close to the 
furnace for safety. 

Probably the most extensive field for arc welding, however, 
is that of steam railway repair shops. All steam locomotives 
are subject to rapid deterioration, many parts requiring fre- 
quent repair or replacement. Not infrequently the frame of 
a locomotive will crack in service, the usual method of repair 
being to entirely dismantle the locomotive, the frame being sent 
to the blacksmith shop for welding. This, of course, is an ex- 
pensive operation and furthermore the withdrawal of the loco- 
motive from service increases the expense. With the arc welding 
process such breaks may be repaired without dismantling as is 
illustrated by Fig. 19. 

A locomotive boiler is probably subject to more repairs than 
any other parts. Due to the continual strain and vibration 
when in service, the joints and flues аге sure to become loose and 
leak. Fig. 20 indicates two operators in the interior of a locomo- 
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tive fire box; the one at the left uses carbon electrode to prepair 
a seam and the one at the right uses the metallic electrode to 
weld a crack in the fire box. Neither of the arcs were in opera- 
tion, however, when the picture was being secured, for obvious 
reasons. There are other applications also, such as plugging 
holes in driving box collars, welding spokes of driving wheels, 
repairing cracks in sides and door sheets of fire boxes, welding 
bridge in flue sheets, welding guide yokes, repairing mud rings 
and other parts too numerous to mention. Fig. 21 illustrates 
an operator who is building new metal on worn and corroded 
surfaces of a mud ring. The welding of flues in locomotive 
boilers is probably the most profitable application in steam 
railway shops. Prior to the introduction of the arc welding 
process the flues were inserted in the rear fire sheet and the end 
of the tube allowed to extend beyond the sheet a sufficient 
distance so that it could be flanged or turned; the tube was 
also expanded slightly just inside of the sheet. Flues mounted 
in this manner will hold without severe leaking for quite a time 
but will gradually become sufficiently loose to necessitate re- 
pairs. Experience has demonstrated that the tubes can be 
welded to the flue sheet by the electric arc process. А number 
of the large railroads have adopted this process and are obtain- 
ing very satisfactory results. 
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CURRENT TRANSFORMER RATIO AND PHASE ERROR 
BY TEST RING METHOD 


BY H. S. BAKER 


ABSTRACT OF PAPER 


This method of testing may be indicated briefly as follows: 

A special current transformer or test ring is connected with 
its primary and secondary respectively in series with the primary 
and secondary of the current transformer under test. The num- 
ber of turns in the secondary coil of the special current trans- 
former is varied until the primary and secondary ampere turns 
of the special current transformer or test ring are equal to each 
other and show a balance. 

Then. the ratio of turns in the special current transformer is 
the current ratio of the transformer under test. 

Of course, the primary and secondary ampere turns can 
never actually balance, because they are not exactly in step or 
opposition, but a point can be found where the vector difference 
between them is at right angles to one of them and this point is 
taken as the balance point. 

This actual minimum value of vector difference gives a 
measure of the phase difference between primary and reversed 
secondary amperes. 


N giving a detailed description of the apparatus, the case will 

be taken of a current transformer in place, operating under 

normal running conditions, and feeding its actual secondary 
circuits of ammeters, wattmeters, or whatever it may be. 

In Fig. 1 a loop in series with the primary of the current 
transformers under test is shown, marked L P, and feeds a 
heavy current, well-insulated winding on the test ring. The 
test ring, consists of a laminated iron ring carrying three wind- 
ings: First, the heavy current winding of one, two, or four 
turns according to whether series or parallel connections are 
used. Second, a winding of No. 8 wire in which any number of 
turns can be used from опе to 230. Third, a search-coil winding 
which feeds the moving coil of a special wattmeter. 

The No. 8 wire winding is connected as shown in Fig. 1. in 
secondary loop L S, and the direction of flow of current in this 
winding is such as to oppose the direction of flow in the heavy 
current winding. | 

The special wattmeter shown has its field energized from 
voltage А B Fig.1 or from voltage C B as required for the 
different readings. 
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Having partlv described the apparatus we can now follow the 
procedure of the test in the case cited. The transformer under 
test was marked 120 to 1, hence a one-turn connection of heavy 
current coil, and a No. 8 wire winding of 119 to 121 turns were 
chosen. 

With the No. 8 winding set at 119 turns the field of the watt- 
meter was energized from voltage A B, and a reading was taken 
of plus 295 on the wattmeter. Then with the wattmeter field on 
C B we got a reading of plus 175. 

These two readings determined the value and phase of the 
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amperes flowing in the search coil winding, since the wattmeter 
indicated the components of these search coil amperes along two 
directions. This search coil current (or ampere turns) give a 
measure of the vector difference between the ampere turns in 
the heavy winding and in the No. 8 wire winding. 

In Fig. 2, the angle А О C was set off equal to 60 degrees and 
the first reading of plus 295 was measured along О А to a point 
К, and the perpendicular R:, Р, was drawn. Then the second 
reading (+ 175) was measured along the line O C to a point Zi, 
and the perpendicular L,, P, drawn determining the point Pi. 
Now it should be evident that the ampere vector О Р, represents 
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the amperes in the search coil winding because this is the only 
vector whose components along O A and O C respectively give 
the wattmeter readings actually read. O P, then is a measure 
of the vector difference between ampere turns in the heavy 
current and the No. 8 wire windings when 119 turns of No. 8 
wire were used. 

We then increased the number of turns of No. 8 wire to 120 
thus increasing the ampere turns in the No. 8 wire coil in the 
ratio of 120 to 119 but without changing the phase direction of 
these ampere turns. 


Watts Scale 
of Diagram 


Results Scaled 
from Diagram 
Ratio • P, P, = 119.70, 
Angle of Phase Lead 


Ес. 2 


Then afsecond pair of readings (+ 195 and — 50) determined 
the point P, for 120 turns of No. 8 wire, and we see the direction 
of the vector of secondary amperes is along Ри, Р», because its 
increment is Рі, Pa. А third pair of readings determine the 
point P; for 121 turns of No. 8 wire. At least three points are 
generally taken as it adds very little to the time of test and if the 
points plot out in nearly a straight line the readings are con- 
sidered consistent. 

If we were to extend the line P;, Р, Р, by 119 spaces, each 
equal to the distance Ps, P, we would come to the point Р, and 
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the vector O P, would represent the vector difference between 
the primary ampere turns and the No. 8 wire ampere turns 
when the No. 8 wire turns were zero. 

Hence O P, is the vector of primary ampere turns and Р, Р, 
is the vector of No. 8 wire ampere turns when 119 turns were 
used. Now to get the point where the heavy current ampere 
turns and the No. 8 wire ampere turns were equal we might 
measure a distance P, P, equal to P, O or for practical purposes 
drop a perpendicular from the point О upon the line Pi, Pa, Ps. 
The number of turns represented by the line Р, P, (which scales 
to be 119.70) divided by the number of turns used in the heavy 
coil is the ratio of the test ring turns when the ampere turns are 
equal. Thus we know that test ring ratio of turns = 119.70 at 
the time when test ring ampere turns are equal. 

Hence ampere ratio — 119.70 which is the current ratio of 
the transformer under test. 

The angle O P, P, is the angle between the vector of primary 
and secondary ampere turns and is the angle of phase error of 
the current transformer under test. Its tangent is the ratio of 
О P, to P, Po, and О P, scales to be 1.15 times P, P4. 


OP, _ 1.15 _ B 
P,P, 11.7 ` 0.96 per cent = tangent of 


angle of secondary lead of transformer under test. Allthe parts 
of the diagram Fig. 2 have standard rotation because the 
reference lines O À and O C are plotted in keeping with voltage 
B A and B C Fig. 1. 

The readings for the determination of the above ratio and 
phase error were taken in about two minutes and the plotting 
and calculation required about five minutes. Of course the 
diagram shown Fig. 2 is more complete and complicated than is 
necessary in actual work. 

If the points Р,, Р», Ps, had not plotted to a straight line the 
cause would probably have been a change of amperage in the 
current transformer while the six readings were being taken and 
the readings could have been repeated. If the amperes can be 
held for two minutes within a five per cent variation, good 
results are obtained. Even ten per cent variation permits of 
results of sufficient accuracy for most commercial requirements. 
Even on a varying load fed by a number of generators in paral- 
lel, a steady load can be delivered by one generator running at 
a fixed gate opening. 


Hence 
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The plotting of the readings and scaling off of results are 
quickly done by use of a transparent celluloid scale shown in 
Fig. 3. For instance in plotting the first pair of readings taken, 
the scaled centre line x y of the transparent scale is laid along 
O A (see Fig. 2) and moved till the reading plus 295 falls on O, 
then a line is ruled along the edge L M and this line is the per- 
pendicular R, P, referred to. Similarly L, P, is drawn etc. 
The divided triangle D, E, F is used for scaling off the decimal 
fraction of a turn represented by the line P,, Рь Fig. 2, and for 
measuring the length of O P, in terms of P;, P; The angle 
marked 60 degrees is used for laying off the angle A O C Fig. 2. 


0% — 
x 


Current transformers are generally available for test in the 
laboratory before being installed but the difficulty in this case 
is in the duplicating in the laboratory of the secondary circuit 
conditions under which they will operate in service. А very 
common instance of this difficulty is illustrated in the diagram 
Fig. l. Here we have two current transformers feeding three 
ammeters, and having one common return wire. This center 
ammeter has a very different effect upon the ratio of one trans- 
former than it has upon the other because the drop across the 
ammeter terminals is at a very different phase angle from the 
amperes in the two transformers respectively. 
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The case of secondaries connected in delta also is difficult to 
reliably duplicate in the laboratory. However, after making a 
good “guess” at the amount of resistance and inductance to use 
in the laborary in the secondary circuit of the transformer under 
test we can get ratios sufficiently accurate for practical require- 
ments by the following variation upon the method described 
above. 

There are usually two transformers available and they are 
connected as per Fig. 4. First one is used for a generating 
transformer to generate the heavy current for test while testing 


Trans. Under Test Generating Trans. 


mi бедел) 


Special Wattmeter 


Fic. 4 


the other, then the other is used to generate current to test the 
first one. 

The diagram Fig. 4 should explain itself and the procedure of 
test is the same as described above. Care should be taken to 
avoid having the two transformers too close together or having 
a heavy current lead too close to the transformer under test as 
stray fields affect the ratio of the transformer. 

Care should also be taken in cases where a greater accuracy 
than two-tenths of one per cent is required, to remove the residual 
magnetism from the transformer under test. At moderate 
amperages this residual will remain and affect the ratio and 
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phase errors. This residual can be removed by inserting a 
resistance in series with the secondary circuit and smoothly 
cutting it down to zero. If enough resistance is used to raise 
the secondary volts to say 50 the residual will be effectively 
removed. 

This residual can be caused by the occurrence of even a small 
pin spark in the secondary circuit which gives momentarily the 
effect of high secondary resistance and allows the iron of the 
transformer to become strongly magnetized. On the test ring 
a switch is provided to avoid this spark on changing taps on No. 8 
wire winding. | 
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The case shown in Fig. 5 is another use made of the test ring. 
In this case there are two current transformers in service and 
the primaries can be switched into series with each other by 
some combination of station switching. The ratio and phase 
error of one is known and the other is tested by comparing the 
secondary currents in the test ring. 

One secondary is fed through 100 turns of the No. 8 wire coil, 
and the other secondary is fed through a separate section of 
from 99 to 101 turns. The results obtained will be the difference 
of ratio and the difference of phase errors between the two current 
transformers. 
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The polyphase sources of voltage shown in Figs. 1, 4 and 5 are 
taken as three-phase. Any other polyphase source may be 
used provided the angle A O C in the plotting diagram Fig. 2 is 
set off to suit the angle between the two phases of voltage used 
to feed the field of the special wattmeter. Ordinary unbalance of 
voltage does not seriously harm the accuracy of results obtained. 

The special wattmeter used should have its moving coil 
wound with a size wire that will not give a resistance many times 
that of the search coil winding, because it 15 very desirable to 
keep the total resistance of the search coil circuit low enough to 
insure the flux density in the iron of the test ring being exceedingly 
low. In the test ring described the flux density figured from 
search coil amperes and turns and resistance figures to less than 
one hundred lines per square inch for as much as ten ampere 
turns difference between primary and secondary ampere turns 
on the ring. 

The special wattmeter must have zero mutual inductance 
between its field and moving coil, hence it must be a zero reading 
instrument in which the moving and stationary coils have a 
definite relative position when the reading is being taken. The 
low resistance required in the moving coil together with the 
sensitivity required, necessitate a strong field. It is the strong 
field that necessitates the zero mutual inductance condition. 
Without zero mutual inductance the wattmeter will act as a 
transformer sufficiently to effect results. The wattmeter should 
be sufficiently independent of stray fields to permit of its use in 
the neighborhood of heavy current conductors. 

Returning to the low flux requirement in the test ring, the 
one hundred lines per square inch referred to figures to a very 
small voltage (0.04 volt) in say 100 turns of the No. 8 wire 
winding, and hence the extra resistance added to secondary 
circuits due to No. 8 wire winding is practically ohmic and is 
generally a negligible quantity. 

The heavy current highly insulated winding on the test ring 
consists of four U bolts of No. 0000 copper extending up through 
a fibre face plate and set evenly around the test ring. Special 
strap connectors are provided to get any series or parallel com- 
bination required for one, two or four turns. 

The No. 8 wire winding consists of a number of separate 
windings, each of which is distributed evenly around the ring. 
There are four coils of 40 turns each, two coils of 20 turns, one 
coil of ten turns and one coil of 20 turns distributed twice 
around the ring and having taps at every turn. 
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The search coil winding is 196 turns of No. 16 copper but for 
future designs a larger number of turns of finer wire would be 
used so that the special wattmeter could be more easily designed 
to fill requirements, and to decrease the percentage effect of 
stray fields upon the leads between the search coil winding and 
the moving coil of the special wattmeter, should these not be 
carefully twisted together. 

The test ring iron is laminated, eight inches inside diameter 
and two by two inches in section. The present ring happens to 
be made of armature iron which has low iron loss rather than 
low magnetizing current. In future designs care would be taken 
to use more suitable iron. 
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Fig. 6. shows a section of test ring and its containing box and 
terminal boards. 

In the heavy coil it is not necessary that the heavy current 
split evenly when parallel circuits are used. А test was made 
using only one of the four heavy coils and the resultant error was 
less than two-tenths of one per cent. However, the link con- 
nectors used on the heavy coil are proportioned to give prac- 
tically even splitting of current. 

The current in the search coil winding in the present test ring 
is not nearly in step with the vector difference between the 
heavy and No. 8 wire ampere turns but it is not necessary that 
it should be. It can be shown that if there is a constant angular 
displacement and constant numerical relation to the above 
vector difference then no error results. The angle and numerical 
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“relation in the present ring are sufficiently constant over the 
range of one test, as shown by a special test and as shown also 
by the fact that the points P, P; and P;, plot nicely to a straight 
line. 

The following tables show ratio and phase error reports on two 
current transformers by the Washington Bureau of Standards 
and by the test ring method. It will be noted that the greatest 
percentage difference between reports for similar points is seven- 
hundredths of one per cent for points at two amperes or over. 
The greatest difference in phase error reports is four minutes of 
angle over the same range. 


Ratios of current transformer No. 50259, 500/5. 


| Secondary amperes.......... 5 4 3 2 1 0.5 
Washington ................ 99.07 99.15 99.23 99.32 99.45 99.55 
Test ring................... 99.14 99.20 99.27 99.32 99.70 99.50 


Ratios of current transformer No. 47113, 500/5 


Secondary amperes.......... 5 4 3 2 1 0.5 


Washington ................ 98.87 | 98.91 98.95 | 98.95 | 99.00 | 99.05 
Test ring................... 98.90 | 98.92 98.92 | 98.96 | 98.98 | 99.10 


Phase errors in minutes (leading) No. 50259, 500/5 


Secondary amperes .......... 5 4 3 2 1 0.5 
Washington ................ 32 38 46 57 82 106 
Test ring................... 32 34 43 56 98 125 


Secondary amperes.......... 5 4 3 2 1 0.5 
Washington ................ 25 29 35 43 57 73 
Test Посол: 25 27 33 44 65 83 


This method of testing the ratio of current transformers has 
been in commercial use for seven years by the Ontario Power 
Company and was described in the Electrical World of January 
26, 1911. At that time a wattmeter was used which did not 
have specially low resistance in the coil fed from the search coil 
winding. The consequence was that the iron in the test ring 
did not run at an extremely low magnetic density and the test 
ring itself formed a part of the secondary circuit of the trans- 
former under test which could not be neglected and had to be 
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allowed for ih duplicating running conditions in the laboratory. 
The article referred to describes also a method of determining 
secondary volts of the transformer under test, but this is not 
found necessary when the amount of resistance and inductance 
fed by the transformer under test is known to be substantially 
correct. 

When testing the ratio of current transformers in service as in 
Fig. 1, if the current varies so badly that the points in Fig. 2 do 
not plot to a straight line, then it may be necessary to watch an 
ammeter and take the readings of the special wattmeter only 
when the amperes are of the value desired. If an ammeter has 
to be inserted into the secondary circuit especially for this 
purpose it may be desirable to make a small correction to the 
ratio and phase errors obtained to allow for the extra ammeter 
being fed by the transformer under test. А slight correction 
can also be made, where the greatest accuracy is required, for 
the ohmic resistance of the coil of No. 8 wire on the test ring 
itself. This resistance is of the order of 0.06 ohm and the 
inductive effect of the No. 8 wire is negligible as shown above. 

If the polyphase source of voltage used to feed the field of the 
special wattmeter is seriously unbalanced, the readings of this 
wattmeter can be corrected before plotting. If the angle 
between the voltages used is other than 60 deg. then the angle 
A O C Fig. 2 can be plotted to suit. 
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ELECTRIC WELDING—A NEW INDUSTRY 


BY H. A. HORNOR 


ABSTRACT OF PAPER 

This paper covers a brief review of the uses of electric spot 
and arc welding in this country prior to the formation of the Elec- 
trio Welding Committee of the Emergency Fleet Corporation. 
It compares the status of the art at the present time and em- 
phasizes the developments that have been made in apparatus 
in the last six months. It treats of the activities of the Welding . 
Committee in applying electric welding processes to the ship- 
building industry and points the way to the general applicability 
of this method to other industries. It shows that the results 
obtained by investigation and physical tests prove that the 
applications of this process to heavy work are satisfactory. 


INTRODUCTION 


BOUT a year ago the Chairman of the Standards Com- 
mittee of the Institute was requested to investigate and 
standardize spot welders and the apparatus connected with 
them. It occurred to the members of this committee that 
electric welding could perform an important function in increas- 
ing the progress of steel ship construction. The work which 
was started by the Standards Committee was then transferred 
to the General Engineering Committee of the Council of National 
Defense. Last Winter the Council of National Defense abol- 
ished all advisory committees but at this time the Emergency 
Fleet Corporation of the U. S. Shipping Board had become so 
much interested in the subject that they decided to adopt the 
Committee. The Committee is composed of representatives 
covering broadly the whole field of welding activities in this 
country and, although electric welding has been the subject of 
all the investigations up to the present time, it is now proposed 
to include gas welding with representatives from all the gas 
welding associations and companies connected with this industry. 
The two main processes of electric welding, namely, arc weld- 
ing and spot welding, were found by this committee applied in 
the first case to repairs and in the second case to certain factory 
quantity production jobs. The work done was in the case of 
spot welding only on light material, and in neither case very 
extensive. The processes to be successful in their application 
1185 
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to the construction of merchant vessels would have to show 
reliability in the joining of steel plates from a half-inch to one 
inch in thickness. To this and kindred problems the committee 
immediately turned its attention. 

The work had all been done in the field where it had been 
applied by practical men. It was first necessary to formulate 
the proper nomenclature and symbols. "This was thoroughly 
investigated and a very comprehensive set of symbols has been 
approved by the committee and is in daily use by those now 
actively engaged in this new application. The approved nomen- 
clature introduces the subject to the designing and calculating 
engineer and gives him the instrument by means of which he is 
able to place his thoughts rapidly and conveniently on drawings. 

The manufacturers of apparatus joined the practical man in 
the study of the problems of electric welding. Apparatus and 
so-called processes introduced various types of machines suitable 
for the conversion of electrical supply to the proper values of 
current and voltage needed at the arc orat the spot. The manu- 
facturer in his eagerness to meet the problem naturally encoun- 
tered many difficulties. These difficulties increased until a 
point was reached as referred to above where he demanded some 
standards upon which his apparatus could clearly be rated. 
Therefore, the manufacturer was only too pleased to co-operate 
with the Welding Committee and is today conscientiously aiding 
in straightening out the difficulties in which he was involved 
prior to last year. 

Arc welding in this country has largely been done in the rail- 
road repair shops. It was discovered that the process was 
much cheaper and could be performed more rapidly than by any 
of the gas welding methods. It also could be applied without 
preheating and in many cases without the expense of disas- 
sembling complicated pieces of machinery. Spot welding be- 
sides being used in many different industries was sought for by 
the railroad man and there has been built a gondola car which 
has seen some seven or eight years of service. It is interesting 
to note here the difference in practise between Great Britain and 
the United States. The former knowing little or nothing about 
spot welding had the practise and application of arc welding 
very well under way; the latter exactly the reverse. 

Apparently the attempts to train operators were rather crude 
and it was early observed that the reliability of the electric weld 
depended substantially upon the skill of the welder. The manu- 
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facturers of apparatus and the superintendents in railway shops 
had struggled with the problem of training operators but inten- 
sive study had not been given the subject so that there existed in 
this respect a great deal of groping in the dark’ | 


‘PRESENT STATUS OF ELECTRIC WELDING ., 


Investigations were immediately undertaken to answer the 
question whether spot welding could be successfully accom- 
plished using one-inch thick steel plates. An experimental 
apparatus of large size was erected and put into operation, the 
results showing that no difficulty was encountered with half- 
inch and three-quarter inch plates. The same remark applies 
to one-inch steel plates. In fact, this experimental machine was 
successful in welding three thicknesses of one-inch plate, а 
condition which far exceeds the requirements of merchant ship 
construction. This operation has its historical significance in 
that this was the first time that any spot welding of this magni- 
tude had been performed. The successful outcome of these 
experiments has led to the design and construction of large spot 
welders to be used in the fabrication of ship sections. The 
practical application of a large five-foot gap spot welder will be 
made at a demonstration of a forty-foot section of a standard 
9600-ton ship to be built at the plant of the Federal Shipbuilding 
Company, Kearney, New Jersey. This is the largest portable 
spot welder ever built. It will prove two points in ship construc- 
tion by the electric method, namely, the clamping of the ship’s 
structural parts for assembly thereby reducing the time in 
working the material as well as for the erection of the ship 
material; and secondly, by the speed of spot welding it will prove 
the decrease in time for joining the material together. The 
consensus of opinion is that the large stationery spot welder of 
five- or six-foot gap will undoubtedly play an important part in 
increasing the speed of fabricating sections of standard steel 
vessels. Further investigations are being made and designs are 
being worked out for special spot welders for use in the construc- 
tion of bulkheads. The designs proposed are chiefly for shop 
processes, but it can be asserted that such apparatus will be of 
undoubted value in the saving of time and man power. 

Arc welding had been tried in a great variety of work but 
there was no conclusive evidence that it could be developed 
to the stage of joining ship plates with the certainty of full 
strength. The first stage of this investigational work is now 
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almost completed. Sample welds of half inch ship structural 
= stee] were taken by a special sub-committee to fourteen or 
fifteen different places where electric welding was being per- 
formed. This sub-committee saw the welding done, noted the 
conditions of currert, voltage, electrode, operator, etc., and 
then prepared the welded samples for tests. The samples were 
forwarded to the Bureau of Standards in Washington so that 
the tests should be conducted by parties absolutely disinterested 
and without knowledge of how the samples were obtained. 
The results of these tests showed a remarkable similarity espec- 
ially when it is realized that they were made by several firms 
with different electrode materials and under varying conditions 
of the electrical circuit. Practically all of the welds pulled at 
over 50,000 pounds per square inch and several over 60,000 
pounds the average being about 58,000. On the bending test 
one of the samples was bent to an angle of 78 degrees before 
a crack started and final failure reached 80 degrees. In another 
case the sample was bent to 65 degrees before the crack started 
and final failure did not occur until 86 degrees. The point of 
importance here is that all the welds showed a reliability and 
satisfactoriness which makes conclusive the opinion that elec- 
tric arc welding is applicable for the joining of steel where 
the structure is submitted to live loads, bending strains, static 
pressure, or the like. The Sub-committee on Research is pur- 
suing this subject and practical samples are being prepared for 
similar tests using three-quarter and one-inch stock material. 
The results of these tests will be available as soon as the reports 
are presented and approved by the Welding Committee. The 
Research Committee is also preparing various types of joints 
in heavy plating. These will be submitted to all the regulation 
tests and in addition to shock and fatigue tests and tests to 
destruction. 

To give a further indication of the large size practical tests 
which are being carried on at the present time it may be stated 
that three 12-foot cube electrically welded tanks are now being 
constructed. These tanks are built in such a way that from 
twelve to fifteen different designs of joints are used in their 
construction. After these tanks are built they will be subjected 
to a static strain and the deflection of the seams will be directly 
measured. Afterwards they will be tested by external shock 
and crushed to destruction. Portions of the joints will be cut, 
sent to the Bureau of Standards, and again tested for the sake 
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of accumulating precise data. In this connection there is teing 
built at the Norfolk Navy Yard a battle-towing target. The 
keel of the target 110 ft. long will be entirely electrically welded 
and the results of this practical demonstration will be care- 
fully recorded after it has been put in regular service. 

It is to be expected that the manufacturers of apparatus 
being keenly observant of the increased interest in electric 
welding as well as in the future, which is probably now un- 
questioned, would be active in their desire not only to improve 
their present facilities and their design of apparatus but also 
to proceed themselves to follow the trend of the investigations 
made by the Welding Committee. The consequence of this 
has been a large increase in output of apparatus and it may 
be unhesitatingly stated that there are no difficulties in the 
way of obtaining all the electrical welding apparatus that is 
needed. Опе interesting point is that certain manufacturers 
who were decidedly of the opinion that direct current was the 
only proper current to use for arc welding have within a very 
recent period changed their point of view and are willing to 
admit that alternating current may have certain advantages 
in the development of this art. 

The electric arc requires a reduced voltage and this is difficult 
to attain with direct current without relatively expensive 
machines or a useless expenditure of energy. The practise in 
this country in manufacturing establishments of any size has 
been toward an increase in the supply voltage so that very 
few large manufacturing plants use less than 220 volts direct 
current. With this voltage the only economical method of trans- 
formation is in the use of a motor-generator set. Тһе effi- 
- ciency in this case is in the neighborhood of 50 to 60 per cent. 
It is possible to use a supply voltage of 110 volts with a variable 
resistance which cuts down the voltage to the arc volts. This 
gives a very poor efficiency. In the case of alternating current 
the supply voltage can be reduced by a transformer which will 
supply as in the case of direct current a sufficient voltage for 
striking the arc and a satisfactory reduction when the arc has 
been struck. On the other hand, if a low voltage alternating 
current is provided a simple reactance may be introduced which 
has some of the same wasteful characteristics of the resistance 
used with the direct current. The average apparatus will 
permit of electric arc welding consuming about six to eight 
kilowatts per welder but if low voltage is provided there are 
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certain outfits which will reduce the consumption as low as three 
and one-half kilowatts per welder, or even less. . 

Without entering into an elaborate analysis of the relative 
costs of electrio. welding, it may Ее broadly stated that there 
is hardly any question that the electric process is cheaper than 
any other. The same may be said as regards speed and also 
reduction of man power. In a recent discussion of this subject 
President Adams stated that at one of the Eastern shipyards 
the total number of parts on the welding program of the standard 
riveted ships now building at that yard amounted to 225,000. 
The labor cost for riveting these pieces is about 245,000 dollars 
and for welding about 99,000 dollars making a saving of 146,000 
dollars. But this 1s only a drop in the bucket when compared 
to what might be profitably done in this line. He stated further 
that in certain particular instances the saving is as great as 
90 per cent. 

One of the interesting questions discussed. with some fervor 
by the members of the Welding Committee is the advantages 
of the bare and covered electrode. Regarding this discussion 
no definite facts can be stated. In England the practise has 
been to use the covered electrode which protects the welding 
arc from contact with the air thus guarding against too great 
a formation of oxide. The practise in the United States up to 
the present time has been largely bare wire. Recently, American 
investigators have discovered the important fact that there 
are advantages in the covered electrode and many experiments 
are now being made, some with results. It is important to ob- 
serve that in the above mentioned tests of welds, the best one 
of these samples was made with a coated (not ап asbestos 
covered) electrode using alternating current. The point in 
this case seems to rest upon the question of the ductility of the 
weld and it would seem that the bare electrode does not make 
as ductile a weld or at least one as easily bent as the coated 
or covered electrode. The question of the ductility of the weld 
is one of much importance in the application to ship construc- 
tion.and will doubtless be of importance in other allied in- 
dustries.. It is, therefore, a question of serious importance 
and constitutes an important part of the work of the Sub- 
committee on Research. 

No matter what the type of electrode is nor its composi- 
tion, no matter what kind of shank material is to be welded, no 
matter what kind of apparatus is employed, the reliability of 
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the weld rests mainly upon the man who makes it. This man if he 
has been properly trained and is skilled in the art knows instantly 
whether he is making a weld or not. He becomes after much 
practise able to judge fairly well upon looking on a finished weld 
whether it is a good weld or not. The work of training electric 
welding operators early became a part of the functions of the 
Education and Training Section of the Emergency Fleet Cor- 
poration. The men connected with this work are members of 
the Welding Committee. Schools for the training of operators 
as well as for the conversion of operators into instructors, are 
established in many parts of the country. The objects held 
in view by the training department are first to give the man 
intensive practise work so that he becomes a good craftsman. 
The methods are simple to start with, as the exercise of the right 
arm muscles must become flexible enough to permit the opera- 
tor to give the required movement to the electrode. By a 
graduated series of exercises this is accomplished in about eight 
weeks. The man is allowed to do production jobs in the shop 
which gives him confidence through responsibility. It becomes 
desirable at this time to give the man some outside work on 
ships and where this is practicable it is done. The man is then 
turned over to an instructor who gives him an intensive course 
in pedagogics lasting from five to six weeks. At first sight it 
would, not seem necessary to so instruct a man but it is not 
generally understood that teaching after all is itself a trade. 
The experience with the men in this respect 1s most interesting. 
In nearly every case the man has resented this course at the 
start but. at the end has turned completely around and in many 
cases has desired an even more extensive training. What 15 
really accomplished is to give the man the necessary confidence 
to impart the knowledge that he has gained to another green 
man. The men under training are taken from the various 
industries especially the shipbuilding industry and after they 
have finished their instructor training course are returned to 
their employer to carry on the instruction, in their own plant. 
The men who go through this training as provided by the Emer- 
gency Fleet Corporation are certificated when they have shown 
themselves to be entirely proficient. It is not possible nor 
expedient for the Emergency Fleet Corporation to require the 
certification of all electric welders. It is the consensus of opinion 
that all industries doing serious work with the electric arc 
should use men who are certified as to their ability in the art 
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of electric welding. The main reason for this opinion is that 
the operator must be a conscientious workman or the weld will 
not be of perfect quality. 

This brings forward another problem upon which a great 
deal of experimental work has been and probably will continue 
to be done, namely, a practical and scientific method of testing 
a welded joint after it has been made. There have been a number 
of suggestions made for the solution of this problem. They 
are briefly, as follows: 

(a) Mechanical. By hammering the weld or by chipping 
at frequent intervals. 

(b) Electric. By means of resistance or voltage drop. 

(c) Magnetic. By means of the permeometer or the change 
of conditions of the magnetic circuit. 

(d) X-ray. By means of an exposure on an X-ray plate. 

At the present time none of these suggested methods have 
been productive of conclusive results and recourse must be had 
to the purely mechanical methods of striking heavy blows on, 
or adjacent to, the weld or by using a chipping hammer and 
making intermittent examinations. It would seem by far the 
best procedure to make the inspector proficient in the art so 
that he may closely observe the welders while at work. "This 
may be accomplished by a two or three weeks attendance of 
nspectors at any one of the electric welding training centers. 


METHODS OF ELECTRIC WELDING 


There are many methods and processes of electric welding 
but the two main ones that interest the committee at the 
present time and alone have been mentioned so far are the spot 
welding and arc welding. It may be a surprise to some of the 
old time welders to consider electric welding as a new industry. 
In substantiation of this statement it may be well to describe 
briefly what is meant by electric welding as it is practised today. 

Spot welding is not much different in the methods of proce- 
dure or in design of apparatus as when it was first introduced. 
Copper elcctrodes, water-cooled in the heaviest machines, are 
placed on opposite sides of the material to be welded together. 
The joint is a lap joint. Machines are now so designed that 
two spot welds may be made at one time. The routine of the 
operation 1s as follows: | 


The electrodes are brought into contact with the materials to be 
joined, current is supplied sufficient to give the required heat, pressure 
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is then applied, the current is removed, and the pressure is removed, 
the weld is then complete. 

The operator has a perfect indication of making a good spot 
weld by the use of a button placed under the electrode observ- 
ing which he knows exactly the proper timing of the operation. 
There 15 therefore no question as to a good, bad, indifferent, 
spot weld. Automatic spot welders have been designed and built 
but it is the general opinion that they add complication to a 
process which in itself is very simple. 

The process of arc welding is as follows: 

One side of the electric circuit is connected to the material to be welded, 

the shank material is usually prepared by beveling the edge of the pieces 
to be welded together. The other side of the electric circuit is connected 
to the electrode. The operator is provided with a holder which carries 
the electrode. By touching the electrode to the shank material the arc 
is drawn. The skilled operator now moves the electrode from side to 
side of the groove giving a semi-circular motion while at the same time 
moving the electrode along the groove. 
It is important that the arc ‘“‘bite” into the shank metal creating 
a perfect fusion along the edges and the movement of the elec- 
trode is necessary for the removal of any mechanical impuri- 
ties that may be deposited. In the coated electrode it is further 
necessary that the slag which forms for the protection of the 
pure metal be worked up to the surface and it is extremely 
important in the event of a second or third layer that the slag 
or impurities be carefully scraped away before the virgin metal 
is again laid on. 

'The operator in arc welding 15 protected with either a hand 
screen covering his face with special glass through which to 
observe his work. The electric arc emits dangerous invisible 
rays in both the upper and Jower spectrum scale and it is quite 
evident that both the infra-red and ultra-violet are dangerous 
in their effect, the former is pathological the latter actinic. 
The operator further uses gloves for his hands and for the very 
difficult work of overhead welding it is necessary for him to use 
a helmet which partly covers his breast. 


DEVELOPMENTS 


The tendency of developments in spot welding has already 
been slightly touched upon. In their nature as applicable to 
shipbuilding the advancement will naturally have to proceed 
toward means for accomplishing spot welding in verv cramped 
locations. This makes an exceedingly difficult problem as the 
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power requirements are such as to preclude any very small 
device. In riveting one-half of the apparatus is on one side of the 
work and the other half on the opposite side and it 1s difficult to 
conceive of any method of spot welding that will admit of such 
an arrangement. In shipbuilding it is quite probable that 
designs may be made that will permit of a large or at least 
increased amount of spot welding in the actual construction of 
the vessel. Certainly, present designs of riveted ships will not 
allow of this to any great extent. Asalready stated, spot weld- 
ing can now take its place in the fabricating shops and it is to 
be expected that within a few months spot welding will begin to 
supplant riveting in this field. The only drawback to this will 
be the sufficient production of spot welding apparatus. 

The tendency of development in arc welding is toward the 
automatic machine to obviate the responsibility that has to be 
placed upon the skilled operator. Intensive work has been done 
within the last few months in the line of automatic arc welding 
machines and at the present time sample tests of welds made by 
such apparatus have been sent to the Bureau of Standards. 
These machines will occupy a very important position in repeti- 
tion work. They will not immediately supersede the skilled 
operator in repair work, or in special jobs but it may be expected 
that the development of such machines will bring about appar- 
atus which can be man-handled and will eventually take the 
place of most of the hand work as it 15 now known. 

Of the scientific advancement in the art of electric welding 
there is so much to be treated that only a general outline can 
be considered at this time. "The research work has only just 
begun.  Practise has preceded the scientific investigation. 
The field, therefore, is full of most interesting problems. Those 
who have been following the development of the past six months 
are deeply interested to know the fundamental reasons. The 
investigational questions may be grouped into three main 
divisions: 

1. Metallurgical. 
2. Physical. 
3. Electrical. 

The metallurgist has yet to tell us what the conditions of 
the metals are after the electrode material has fused with the 
parent metal, and to determine what the proper conditions 
must be to produce a good weld. This problem has in it a great 
many variables. The physicist must explain the atomic or 
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electronic conditions which permit of the combinations at the 
high temperatures involved and must explain the phenomenon 
of overhead welding. The electrical investigator must deter- 
mine all the various phenomena connected with the preferences 
between and the advantages of the use of different forms of 
electrical energy and the varying characteristics of the electric 
circuit in producing different types of welds. 


CONCLUSION 


From the preceding remarks it must be conceded that the 
Welding Committee of the Emergency Fleet Corporation has 
already crystalized the problems connected with this art. The 
working functions of this Committee have been laid down upon 
the broadest possible lines. Liberal opportunity has been given 
every one to state in detail his opinion and to express the reasons 
for his preference on every point connected with this subject. 
The Committee goes even further than this. It furnishes those 
interested with every new idea that is brought to bear upon the 
subject after sifting from the suggestions any question of doubt 
or misstatement of fact. АП suggestions of improvement or 
problems of special application are gladly taken in hand, thor- 
oughly investigated, and reports made. It wil welcome any 
comments that those connected with the industries may desire 
to lay before it. The personnel is at the present time such that 
it can devote not one but many minds to the solution of any 
specific problem that is laid before it. 

The Committee early discovered that the literature of elec- 
tric welding was very much clouded by misstatement of fact 
or half-baked theory and much of the time of the Committee 
has been taken up in disproving such statements. In order 
to spread the results of this work to all quarters a handbook 
is now being prepared which will contain only definite facts 
and results of investigations as are approved by the whole 
Committee. This handbook will be made available to all those 
who desire to acquaint themselves with the proper means of 
accomplishing good and reliable electric welding. 
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THE USE OF ELECTRIC POWER IN THE MINING OF 
ANTHRACITE COAL 


BY J. B. CRANE 


ABSTRACT OF PAPER 

This paper gives figures as to the power cost and current con- 
sumption of anthracite mines and the reasons for these being in 
excess of the requirements bituminous mines. 

Estimates are also given as to the additional coal that will be 
released by the electrification of the anthracite mines. 

Illustrations are included showing representative installations 
of electric drive. 


HE production of anthracite coal in the United States for 
the past five years was as follows: 


Years Total Gross Tons 
IUIS о SER 81,809,782 
н o oath ыы asa 81,580,479 
ТӨТ awe SA 19,803,374 
1916. err Re 78,406,387 
VOT S арды һо йа Se eek 89,720,982 


The undeveloped beds are to such a large extent owned or 
controlled by the large producers that no extensive opening of 
new mines has taken place in recent years nor is to be expected 
in the near future. 

In the bituminous fields there are many independent holdings, 
and when the coal business was flourishing many new com- 
panies were formed and opened up new mines, using electric 
drive, mainly on account of lower first cost for installation of 
machinery. The resulting economies were such as to force the 
former steam-operated mines to electrify even where it was 
necessary to throw away expensive steam equipment. 

Coal producers are conservative and not having the many 
examples of successfully operated electrified mines before them, 
the anthracite operators have been slower in seeing the benefits 
to be derived and the economies to be effected by throwing out 
their steam-operated and replacing it with electrically-operated 
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equipment. The margin of profit, due to the better organiza- 
tion of the producers, was also higher and the necessity of saving 
in the cost of production had not been brought home to them 
with the same force. For these reasons the possibilities of 
making a greater progress, in the decrease in amount of coal 
burned for power, in increased production of coal, in decrease 
in amount of labor and in the general living conditions for the 
employees, exists to a greater extent in the anthracite than in 
the bituminous coal regions. 

The anthracite operators, are at the present time keenly 
alive to this fact and are making every effort to take advantage 
of the improvements to be made by electrification of their 
mines, but are handicapped by the difficulty of securing electri- 
cal equipment and by the impossibility of securing sufficient 
power from the central stations supplying power to the anthra- 
cite regions. 

The mines that have been electrified show some surprising 
results. The following figures are taken from a paper read before 
the А. I. M. E. (Economy of Electricity over steam for Power 
Purposes in and about Mines, by R. E. Hobart, Feb. 18th, 1918.) 


Steam Operation Electrical Opera- 
April1914to tion Nov. 1916 to 


April 1915 Nov. 1917 
Cost of Power........ $46,992 $21,590 
Cost of Heating....... Included in above 8,700 | 
VO bal sans ey ах $46,992 $30,290 
Tons of coal mined. .... 343,665 435,073 
Cost perton.......... $0.137 $0.0696 


When it is remembered that the value of the coal burned 
with steam operation has more than doubled and that the 
output of coal per man per year employed has increased from 
540 tons to 647 tons it will be seen the figures above, large as 
they are, represent only part of the saving to be effected. 

Some other figures obtained are interesting as showmg costs 
of electrification, power used, etc. 


Item Mine No.1 Mine No. 2 
Gross tons-yearly........ 641,533 670,000 
Kw-hr. consumption.... 2,312,195 3,477,876 
Kw. demand............ 870 1,135 
AnnualL.F............. 30.4 39 


FIG. 
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А MODERN ANTHRACITE 


PLATE LXIX. 
А E. E. 
VOL. XXXVII, NO. 10 


1—An EARLY ANTHRACITE BREAKER—STILL IN OPERATION 


> 
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LY EQUIPPED 


BREAKER 
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Kw-hr. per ton mined.... 3.6 5.2 
Kv-a. trans. capacity.... 2,000 3,900 
H. P. connected......... 2,400 2,035 
Cost of electrification.... $134,500 $325,000 
Cost per h. p. connected. 56.04 128.20 
Per cent kw-hr. per pump- 

IHE oy z dod eres 50 


Average depth of mine... 650 ft.(198.1m.)800 ft.(243.8m.) 


Mine No. 2 had a boiler plant of 800 h. p., used 900 tons of 
coal per month and 11 men have been put to other work about 
the mine. The output will be largely increased this year as 
the above investment provides for additional equipment, not 
yet in operation. 


Ира о а 8 Е 2008 

pt Py | ee || 

ЕНІН | 

а 

ШЕ их Ж МЕЙ 

ЕИКИБЕЕШЕШЕ 

ШЕШШ E COE = БИ 

ЕНЕМЕ ШИ 

ИШ ЕШ ЕШШ Ше 

БЕНЕН 

ФР ИШИ ЕК ИН 

-4 аты 
2 4 6 8 10 NOON 2 6 8 10 12 
d HOUR OF DAY 


Fic. 3—TYPICAL ANTHRACITE MINE LOAD 


Mine No. 1 has no pumping, hence the low kw-hr. per ton 
mined. 

The best figures I have yet been able to obtain indicate that 
12 kw-hr. per gross ton of coal mined 1s the average figure for 
an anthracite mine. This is of course subject to wide variations 
in individual cases on account of depth of mine, amount of air 
required for ventilation, quantity of water to be pumped as 
well as the head pumped against, and amount of work necessary 
to prepare coal for market. The writer, three years ago secured 
figures from over fifty bituminous mines and it is interesting 
to note the average kw-hr. per gross ton mined was 3.57. 

The less power required for mining bituminous coal is due to 
various causes, among which may be mentioned: 

Depth of Mine. Bituminous mines in many cases are situated 
above tipple, so that coal is brought to the surface on level tracks, 
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and from this point is loaded into the cars by gravity, while 
the anthracite mines are from 300 ft. (91.4 m.) to 1000 ft. 
(304.8 m.) in depth and all of the coal has to be raised to the 
surface and from there to the breaker. 

Pumping of Water. The anthracite mines have more water 
to be taken care of and this water has to be elevated from the 
lowest level. 

Ventilation. In spite of the fact that there is less volatile 
in the anthracite coal there is generally more gas to be taken 
from the mine and a larger amount of ventilation has to be pro- 
vided for and the additional space used for shafts, etc. has 
to be ventilated. 

Preparation. The breaker of the anthracite mine requires 


aol} ШШЕ 
Pere er 
ГУЛ! az 
MISIT ГЕ 
E Соар 
ш |] 1-75 144-1 No Mine Pump used 
em L LEE LLLI LLLI Es Water is removed by 
EXE ШЕ ШШ ш Шы. ы Dane 
та авс иш ы sa ше шж Б 
m= ШИ ЕН ШШ ШШЕН ШЇ ШЕШ ope s 
н ШЖК Te jesse НЕ E О ШШЕ 
2 4 6 8 10 NOON 2 4 6 8 10 12 


HOUR OF DAY 
Fic. 4--Түріслі, BREAKER LOAD AND MINE HAULAGE 


more power as the coal is sized to a greater extent than is bitumi- 
nous coal. 

One anthracite mine had meters installed for the different 
services for one year and the following average figures were 
obtained. 


Operation Kw-hr. per 
—————— gross ton of coal 
produced 
Haula es о ноте b aa wes 1.73 
Соо e cr 2 qe x eo E es RS ЧАТ 1.62 
DFA ACC шеке иш ыы ЫДЫ НЕ near adis 1.30 
Lighting (inc. charging station)............ 0.12 
HONE uyu sura SUE d Bre dn ile guod 1.02 
AJPCOIIIeSSOE cie quoe aba se eee 2.11 
ТӨЗЕ qap hka ord R 4.75 


12.65 


Ys 
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Fic. 5—AN ELECTRICALLY DRIVEN HOIST 
60-Cycle—2200-volt—675 h. p.—450 rev. per min.—wound-rotor motor with liquid 
rheostat—double drum hoist running 1500 feet per minute with two 3-ton cars—slope 1100 
feet long—95 cars per hour. 


Fic. 6—AN ELECTRIC SHOVEL [CRANE] 
Current supplied through a bank of three 100-kw-4000, 400 volt transformers. 
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Fic. 7—AN ELECTRICALLY DRIVEN HOIST [CRANE] 
60-cycle—440-volt—125-h. р.—500-геу per min.—wound-rotor motor—single drum 
hoist 900 feet per minute—one 3-ton car—slope 1000 feet long 52 degree pitch— 1$ cars per 
hour. 


\ 
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The above mine produced 558,394 tons for the year. 

If we assume 12 kw-hr. per ton of coal produced there would 
have been required in 1917 if all the coal had been produced 
ӨЕСИПСАШУ 25 dod ы Г ОГ ^ 1,076,652,000 kw-hr. 

There was actually used in 1917 in elec- 
trically operated anthracite mines from 
central station and mine plants.......... 215,000,000 


Total kw-hr. necessary to produce re- 
mainder of coal electrically.............. 861,652,000 


At the present time 10 per cent of the coal produced is used 
to provide power to mine the remainder. There are some very 
bad cases, at one colliery 400 tons of coal is burned in the boiler 
plant for every 1000 tons of coal shipped. The above 10 per 
cent does not include the coal used at central stations so that 
to produce the 89,720,982 tons in 1917 there was burned under 


Бе ыс costi КОКК ка о аны рас 8,072,000 tons 
In large stations we can produce 1 kw-hr. 

for 2.5 lb. of small anthracite coal.......... 965,000 

(2.5 X 861,650 divided by 2240) — U 
‘There would be released for sale............ 8,007,000 tons 


At one colliery 2.5 per cent of the men were 
released by electrification. There are emploved 


in the anthracite region 150,000 men. If 2.5 
per cent are released by electrification this 


makes a total of 3,750 men additional, which 
would be put to mining coal. Each man 
produces 550 tons per year so we should get 
additional (550 X 8750)................... 2,062,500 


— 


Additional coal produced by total electrifica- 
Ое ЕГУ TETTE TT OE ЛАС ТГ 10,069,500 


The cost of providing for this is estimated 
as follows: 


Additional kw-hr. required................ 861,652,000 
At 40 per cent load factor this represents 

a station capacity of...................... 394,000 kw. 
Cost of plant at $75 per kw................. $29,550,000 
'Transmission and distribution lines 250 miles 

at So ООО ited T ERAT E bese tem рған 1,250,000 


$30,700,000 


1202 CRANE: ELECTRIC POWER IN MINING [Oct. 11 


Substation and mine installations 900,000 


h. p. at $40 perh.p......................... $36,000,000 
The savings to be effected would be 10,069,- 
500 tons of coal at $2.00 рег ќоп.............. 20,139,000 
Reduced mining cost, 700,000,000 tons at 
LO Per Oea et д TER Ма 4,900,000 
$25,039,000 


870,000,000 kw-hr. (861,652,000 
plus losses) at 11 mills for current 


delivered абтпіпе.................. $9,570,000 
Depreciation 5 рег cent оп 
$36,000,000...................... 1,800,000 11,370,000 
$13,669,000 


This represents 38 per cent on an investment of $36,000,000. 

At the present time the mining companies are financially 
able and areinstalling as rapidly as possible electrically driven 
machinery for increasing production and cutting down the 
requirements for labor. They cannot at this time secure the 
material for power houses and the central stations are prevented 
from supplying this power by the impossibility of securing the 
necessary capital to add to their facilities. It is suggested 
that means should be found for supplying the amount required 
tofinance additions to these plants so that the vital needs of this 
industry for power can be met. 


To be presented at the 34274 meeting of the 
American Institute of Electrical Engineers, 
Philadelphia, Pa., October 11, 1918. 
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DRUM SHAPES AS AFFECTING THE MINE HOIST DUTY 
CYCLE AND MOTOR RATING 


BY F. L. STONE 


ABSTRACT OF PAPER 


The standardization of mine hoists, from an engineering 
standpoint is considered impossible on account of the wide varia- 
tion in the conditions and methods under which anthracite 
coal is mined. | 

The problem of drum shape consists in varying the diameter 
of different parts of the winding drum so that the load may be 
accelerated and retarded at the beginning and end of its travel 
with the minimum consumption of power. 

Numerical examples of the performance of various drum 
shapes under assumed conditions are given. 


D order to make the subject clear I propose to describe in a 
very general way why there is a problem connected with 
drum shape. | 

Coal in this country lies at a depth of from 40 ft. (12.1 m.) to 
1800 ft. (548.6 m.) or more below the surface. There may be 
only one vein or there may be a number of veins lying over each 
other. In some instances the parent vein will split and form 
two or moré veins. The pitch of these veins in any given 
direction may vary from horizontal to vertical. 

In nearly all cases the veins outcrop on the surface somewhere 
though they may be so thin and pinched at the outcrop that it 
would be unprofitable to attempt mining operations at that 
point. 

Possibly the most violent upheavals in coal measures have 
occurred in the anthracite mines in the Panther Creek Valley 
section. Ап approximate cross section of this locality is shown 
in Fig. 1. From this you will see how the measures twist and 
turn and what a different mining problem is found as compared 
with mining flat coal. 

Fig. 2 shows a hard coal mine in which all conditions of mining 
are encountered. This picture tells in plain language the 
various methods involved. This model is 9 ft. (2.7m.) by 16 ft. 
(4.8m.). The front portion about two thirds the area of the 


Manuscript of this paper was received August 15, 1918. 
1203 


1204 STONE: MINE HOISTS [Oct. 11 


model shows the workings of an 8-ft. (2.4m.) vein with all the 
pitches from flat to 80 deg. Back of this the overlying measures 
are shown in section with a shaft and a skip hoist or gun boat. 
by means of which the coal is taken to two breakers. A con- 
veyor is shown taking the coal from the shaft to a breaker. А 
stripping operation is also shown with two steam shovels in 
operation. The back ground is formed by a painting of charac- 
teristic coal region scenery. 

The coal is mined in the various rooms and brought to the 
foot of the shaft or slope in mine cars which hold from one and 
one-half to five tons. It is usually gathered with small loco- 
motives and made up into trips and taken to the foot by a 
large haulage locomotive. This locomotive returns with the 
empties. 

1-Diamond Vein 
2-Holmes Vein 
3-Mammoth Vein 


4-Buck Mtn. Vein 
5-Lykens Valley Vein 


. 
Fic. 1—SECTION ОЕ COAL MEASURES IN PANTHER CREEK VALLEY 


The coal is brought to the surface in a number of different 
ways. First the loaded car is put on the cage and hoisted to 
the landing while an empty is being lowered. At the landing the 
car is taken off the cage and sent to the breaker or tipple over 
the surface. The second method is that of using a dumping 
cage, that is to say the loaded car is taken to the surface and then 
the cage tilted and the car door opened and the contents dumped 
into a chute, the car never leaving the cage. 

The third method is that of dumping the coal directly into a 
skip, the skip holding one or two mine car loads, the car 
never leaving the mine. This method involves an increase in 
the breakage of coal but not necessarily to any great extent. 
The fourth method is somewhat similar to the third except that 
the coal is dumped from the cars into a hopper and then loaded 
into the skip. 


PLATE LXXII. 
A l. E. E. 
VOL XXXVII, NO. 10 
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Fic. 2—MopEL SHOWING METHODS OF MINING ANTHRACITE COAL 

UNDER THE SEVERAL CONDITIONS OF ITS OCCURRENCE, ALSO TYPES 
OF MINING PLANTS 
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This method has many features to recommend it. Heavy 
loads can be lifted per trip at a comparatively low speed—for 
example if a given tonnage is required and it takes three trips per 
minute to get this output by the first or second method, a motor 
or engine of a h. p. X would be required. If the output could be 
obtained by the fourth method carrying heavy loads at low 
speed, the capacity of the drive would be reduced to Х/2 or more. 
The mechanical parts, would, of course have to be stiffened up 
to take care of the increased rope stress. 

From the foregoing remarks you will realize that standardiza- 
tion of mine hoists from the engineers standpoint is out of the 
question, since there are so many factors entering into the calcula- 
tions for determining the proper size of motor and a change of any 
one may change the result very materially. 

The following are the important factors which enter into the 
calculations: 


Tonnage per hour 

Weight of material per trip. 

Total lift. 

Rest period between trips. 

Amount of material to be accelerated and retarded 
per trip. 


You can readily see how at least one of these values will vary 
in every problem. | 
The problem is usually stated as follows: 


Mine hoist is required to hoist — 
Tons per day of eight hours a 
ОЕ РРР ені b 
Weight of material per trip c 
Weight of cages and cars...d 
Rest between trips.... .... € 


If the average rope speed is comparatively high, say 20 ft. 
(6m.) per sec. or greater and the time of a trip comparatively 
short, say 20 sec. including rest period, then one may be fairly 
sure that the horse power required to accelerate the mass will be 
a large factor in determining the motor rating. 

The ordinary horse power—time curve of a hoist using a cylin- 
drical drum follows the general shape shown 1n Fig. 3. Motor 
starting from rest accelerates the total mass to running speed. 
This is held until the cage approaches a landing; then the 
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speed is reduced to rest. The cars are then changed and the 
cycle repeated. 

The heating of the motor is, of course, proportional to the 
square of the current and the current is proportional to the 
torque, and therefore the r. m. s. value of the area from start to 


ЕЕ ере ГГ] 
EN ши 


HP OUTPUT OF HOIST MOTOR & 
ROPE SPEED IN FEET PER MINUTE 


Fic. 3—TvPIcAL МіІхе Horst Duty CYCLE 
start (making proper allowances for the acceleration, retardation 
and rest periods) will be the rating of the motor. 
You can appreciate the important part played by the accelera- 
ting area in the motor rating. It is this peak which, by the shape 
of the drum, we are trying to reduce. 


TIME 
Fic. 4 


but we can 


It is obviously impossible to reduce the ти 


reduce the point В to which the h. p. of acceleration is added. 
The depths I have selected are 300 (91.4m.) and 500 ft. 
(152.4m.). I have assumed the same tonnage output in each 
case. 
In none of the examples chosen has the armature acceleration 
or retardation been included as this would only complicate 
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matters and would not change the relative result to any great 
extent. | 

The method of arriving at this motor rating is the usually 
accepted one of r. m. s. By this is meant the square root of the 
average squared ordinate of the entire area under the duty cycle. 
This is not strictly correct but sufficiently accurate for the normal 
hoist cycle. 

I will illustrate the method by the following simple examples: 

Ist. A motor running at constant speed and the load varying 
rapidly. Fig. 4. 


50* x 20 = 50,000 
2 2 

(50* + 150 + 50 X 150) |5 162500 

30° x 10 = 9,000 


221,500 = Total squared 
area. 


HORSEPOWER 


TIME 
Fic. 5 
221200 = 3164 = mean squared ordinate. 


У 3164 = 56.2 г. m. s. 


If the values аге amperes then the same heating would be 
obtained in the motor as if it were running continuously at 
56.2 amperes. The same is equally true if the values are in 
horse power or kw. direct current, or kv-a. alternating current. 

Now take the case of an intermittent running motor such as 
a hoist drive. Assume a cycle similar to Fig. 5. 


arx то (+В) т, ex r, 


Ti Ts T, 
VA Kt ist K * L 


= r. m. S. 
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Since the torque must be held constant or nearly so during 
acceleration the current corresponding to А horse power is flowing 
in the motor during the time 73, but since the speed is O at start 
the horse power must be O also. For the slightly cumbersome 
В? + C2 + B C 


3 ) Т» may be substituted the expres- 


expression ( 


2 
sion ( EFE) X T: if the difference between B and C is not 


greater than 10 or 15 percent. The line joining В? and C?isin 
reality a curve and the area under this curve is represented 
actually by the expression above. The same remarks regarding 
A apply to D, the torque must be held constant from the time 
retardation begins until the hoist comes to rest. In getting the 
average square ordinate it would be incorrect to use the full 
value of Tı, T; or Т, as in the first two cases the motor starts 
from rest and only reaches full speed at end of 7; and is at rest 
at end of 73. Therefore the ventilation is cut down quite 
materialy. Experience has shown that for a-c. motors the value 
2 may be used for K, and for d-c. machines which are more 
exposed the value 1.33 may be used, while in the case of L, for 
a-c. machines 4 is used and for d-c. 2. 

In the calculation of all the cases, the moment method has 
been used. By that I mean that the moment of all the forces 
that :equire power such as the up-cage car and coal, up-rope, 
acceleration and friction are working against the motor and 
considered as positive moments while the down-cage and car, 
down-rope, and retardation are assisting the motor and there- 
fore considered negative. The total negative values are syb- 
tracted turn for turn from the total positive values and the net 
moment found. From the shape of the drum and the depth, the 
total turns may be readily found. 

From the total turns may be calculated the r. p. s. as follows: 


Turns 


В. P. S. = ——“G_= y 
т. ath 


2 


Where Т = total running time, ta = time of acceleration, f, = 
time of retardation. 

In regard to the friction value which has been assumed as 
25 percent of the useful work done in all cases. This 


^ 


| 


— t nnyn r... . «== 
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value covers the mechanical losses in hoist from motor 
coupling to the actual work done in the shaft, including 
gear and bearing losses, rope bending, guide friction and 
cage windage. There is, of course, no absolute method of pre- 
determining this value and an intelligent guess is about the best 
method for practical cases. Many formulas have been evolved 
for the calculation of this value but they are based on assump- 
tions which may or may not be correct. 

Having the total moment including friction the horse power 
can be found by substituting in the following simple formula: 


2r rM 
H. P. = —550 ” (r = r. p. s, М = Moment.) 
This formula is derived as follows: 


at any point M — W X radius 


Distance traveled іп one second = 2 T X radius X г. p. s. = V. 
V x W = ft. lb. per sec. 
VXW _„ _ 2m X Radius X W X т. p. s. 
550 "Р 550 


_ 2Х М Хт.р.в5. 
550 


We now come to the consideration of the cases selected. 
Only in the case of the cylindro-conical drum (Case 4) are the 
actual figures of the calculation shown. This case will serve to 
illustrate the general method used. 


Weight of coal hoisted ................... 5,000 Ib. 
Total кэмек eb ee шына ед whee ean 300 ft. 
Weight of саре.......................... 11,000 lb. 
Weight: Of Сат сыгуу diced dse Rea 4,000 lb. 
ROP tus duas ее e od 1.25 in. 
Number of trips per min.................. 3 

Rest between trips....................... 4 sec. 


Case 1.—Cylindrical drum. 

Case 2.—Conical drum. 

Case 3.—Cylindro-conical with long cone. 
Case 4.—Cylindro-conical with short cone. 


One of the most important points to be determined in the 
calculation of these cycles is the weight and radius of gyration 
of the rotating parts of the hoist. The figures used have been 
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secured from various hoist builders at various times and are 
believed to be fairly accurate. 
Calculation of Case 4:— 
Acceleration in 5 sec., run 6 sec., retard 5 sec., rest 4 sec. 
To find number of turns on small 3 
drum to take up acceleration. Turns 


x = r. p. S. 
5 x : қ 6 
eg = Turns during acceleration. T 
5x 
EN X T X 6 = length of rope 
wound on during acceleration. (1) Fic. 6 
52 XT X8 = length of rope wound on during retardation. 
2 
3xT7T = length of ropewound on cone. (3) 
6 x — turns during constant running. 
6x— 3 = turns on large diameter during constant run. 
(6x—3)8% = Rope wound on. (4) 
5% x67 + I x87 + 21 T+ (6 x — 3) 8 т = 300 


30 7 x + 40 7 x + 42 7 + 96 тх — 48 т = 600 
1667x—67 = 600 


166 T x = 618.9 
618.9 
х eco 1.187 r. p. s. 
Turns acceleration — xS aed anus Se dioit 2.97 
ГОП On ые П-ТИК a О Penes 3 
Turns on large diam. 6 X 1.187 — 3.............. 4.11 
Turns Retard large diam. — - Ce mos 2.97 
Total Turns.......... 13.05 
Distance passed over. 
Acceleration. ............ 2.971 OF шу Бы ыс 56 ft. 
Up CoN es wr RE en 3 ғ ee ee ere re 66 ft 
Large diam. constant speed 4.11 X 8 т............. 103.3 ft. 
Large diam. retard........ 2.07 Х8т...... е 74.7 ft. 


Total ШЕ su eo Re A od bia tog «d 300.0 
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Plot all curves on coordinate paper—Moments against turns. 


Turns 
0 
2.97 
7.08 
10.08 
13.05 


Turns 


мА ры 
о C л к» 
оо о со 
сл Qo N д © 


Moments. 
Up load 
11,000 cage 
5,000 coal 
4,000 car 
20,000 total. 
Weight Radius Moment. 
20,000 х 3 = 60,000 
20,000 х 3 = 60,000 
20,000 х 4 = 80,000 
20,000 x 4 = 80,000 
20,000 х 4 = 80,000 
Down Load 
11,000 cage 
4,000 car : 
15,000 total. 
Weight Radius Moment. 
15,000 х 4 = 60,000 
15,000 ` X 4 = 60,000 
15,000 X 4 = 60,000 
15,000 X 3 = 45,000 
15,000 х 3 = 45,000 
Up-rope (1.25 in. diam. weight 2.45 Ib. per foot) 
Weight Radius Moment. 
300 X 2.45 X 3 = 2,205 
244 X 2.45 X 3 = 1,795 
178 X 2.45 X 4 E 1,743 
74.7 X 2.45 X 4 = 732 
0 0 
Down-rope 
0 
74.7 >x 2.45 X4 = 732 
178. X 2.45 X4 = 1,743 
244. X 2.45 X3 = 1,795 
300 x 2.45 x3 = 2,205 
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Total up ... 


Down-load . 
Коре ...... 


Total up ... 


Net ....... | 


Friction.... 


Gross M ... 
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Sum of Moments. 


Area in moment turns 


Average ordinate 


Friction ordinate 


22,900 — 18,300 — 4600 


UP 
0 2.97 5.97 7.08 10.08 
60,000 60,000 80,000 80,000 80,000 
2,200 1,790 1,740 1,500 730 
62,200 61,790 81.740 81,500 80,730 
Down 
60,000 60,000 60,000 60,000 45,000 
0 730 1,500 1,740 1,790 
60,000 60,730 61,500 61,740 46,790 
62,200 61,790 81,740 81,500 80,730 
60,000 60,730 61,500 61,740 46,790 
2,200 1,060 20,240 19,760 33,940 
4,600 4,600 4,600 4,600 4,600 
6,800 5,660 24,840 24,360 38,540 
Friction Determination. 
2200+ 1000 узду. аво 
1060 2 40449 x3 = 31.950 
20,240 = 19,760 x111- 22200 
19,760 + 33,940 x 3 — 80,550 
3090 5550. = guod x2.972 99,000 
238,930 
238,530 _ 
13.050 — IBOR 
18,300 _ 
CX E 22,000 
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Acceleration and retardation of loads in shaft due to cone. - 


VU; — Uo 


T 


Acceleration up-load vo = 6 т X 1.187 = 22.4 
о, = 8T 1.187 = 29.85 


а= 


3 
T 1.187 = 2.58 sec 
7.45 
a 9 53 = 2.98 
Allowing 750 lb. for rope in shaft. 
F of acceleration — 20,750 X 5.98 = 1887. 


Moment at 2.97 turn = 1,887 X 3 5661. 
Moment at 5.97 turn = 1,887 X 4 = 7548. 


Retard down-load. 


F of retardation = 5,0 298 — 1435 


Moment at 7.08 turn 1435 X 4 = 5740 
Moment at 10.08 turn 1435 x 3 = 4305 


Acceleration of up-load from start to full speed of drum. 


v=67 X 1.187 = 22.4 аб eda. 


w = 20,000 + Rope 750. 


F = HO X< + 45 - 9870 М = 2870 ХЗ = 8600. 
Acceleration down-load. 
v = 8m X 1.187 = 29.85 = 5.97 
w = 15,000 
p 15000 X 5.97 _ ,g0 


32.2 
M = 2780 X 4 = 11,120 


Drum and 1/2 rope. 
WR? = 350,000, W at 3 ft. = 38,900 
V = 22.4 а = 4.48 
38,900 x 4.48 
32:2 


M = 5410 X 3 = 16,200 


F = = 5410 
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Total acceleration moment 


Up-cage, car, coalandrope.......... 8,600 
Down-cage and car ................ 11,120 
| Боос со РОЧОТИ ds 16,200 
35,920 
* Retardation 
Up-load V = 29.85 а = 5.97 
20,000 х 5.97 Е 
Down-load and rope V = 22.4 а = 4.48 
_ 15,750 X 4.48 _ 
М = T9399 7 x 3 = 6560 
Drums as before 16,200 
Total retard moment up............ 14,900 
Down ................ 6,560 
DEFüfls- eb pina sus 16,200 
| 37.660 
SUM OF MOMENTS— FINAL 
Turns .... о 2.97 2.97 5.97 5.97 7.08 7.08 10.08 10.08 13.05 
Gross.... 6,800 5,660 5,660 24,840 24,840 24,360 24,360 38,540 38,540 37.400 
Acc.... 35,920 35920 ... Е М2” "зе жас | 
Асс. оп 
cone... ... m 5,661 7,548... 

Retd. оп ы 
cone... ... 22% жа s ұра xS —5,740 —4,305 ... T 
Retd..... usse su. nee sus us. sss 2... —87,660—37.660 
Total .... 42,720 41,580 11,321 32,388 24,840 24,360 18,620 34.235 880 —260 
Time..... 0 5 5 7.53 7.53 847 847 n n 16 
H.P..... 580 564 154 438 338 330 253 466 119 3.5 
R. M. S. 

2 
(Sm) X5 = 1,640,000 
2 2 
(= + 438 + 154 > =) х 2.53 = 239,000 
2 
= = zn x .94 = 110,500 
2 2 
[^ + 466 T > 455) х 2.53 = 338,000 
11.9— 3.5 V 
(=) x5 = 88 


2,327,588 
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For. 7—MOMENT D1aGRAM— 
Case I—SINGLE CYLINDRICAL 
Drum—W К ROTATING PARTS 
200,000 

A = Total monent up load 

B = Momentupcage car and ore 
C = Acceleration moment 

D = Uprope moment 

E = Down rope moment 

F = Friction moment 

G .= Retardation moment 

Н «= Downcage and car moment 
I = Total down moment 

M = Total net moment 
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Г: = 5 К = 2 Equiv. Time = 2.5 
T4 = 6 “ е 6. 
Ts = 5 K = 2 « ^ 2.5 
Ta = 4 L = 4 ^ “ 1. 
Total Equiv. Time........... 12.0 
22239 = 194,000 


у 194,000 = 440. 


Looking at Case І, Figs. 7 and 
8, you will note the acceleration 
peak goes to 825 h. p. and the 
retardation goes below the zero 
line which indicate the motor 
must be plugged or the mechan- 
ical brakes applied to stop the 
hoist. This in the case of an in- 
duction motor drive is not con- 
ducive to good operation as the 
operator will invariably plug, 
which is expensive from a power 
standpoint, or he will take longer 
to retard which reduces the out- 
put. The r. m.s. value of this 
cycle is 600 h. p. 

Case II is that of a conical 
drum 6 to 8 ft. in diameter. It 
wil be noted the acceleration 
peak is considerably less in this 
than in Case I. This is brought 
about by the fact that the point 
B in the master diagram, has 
been reduced to approximately 
200 h.p. Here, again during 


retardation the value becomes negative and as in Case I the 
motor must be plugged or stopped by means of mechanical 
brakes, though not to any such great extent as in Case I. 
Thé г. m.s. value of this cycle is 482 h. p. This is shown in Figs. 
9 and 10. 

Case III is that of a cyclindro-conical drum in which the 
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cylindrical parts are just large enough to take the turns during 
acceleration and retardation. The turns on the large diameter 
are common to both ropes, the drum being symmetrical around 
the center line. Here we have reduced the accelerating h. p. to 
approximately 600, and the retarding h. p. above the line which 
indicates that power must be kept on to a very small extent 
during retardation. The r. m. s. valuein this instance is 452 
h. p. Shown in Figs. 11 and 12. 

Case IV, the calculation of which has been given in the 
previous pages is that of a cylindro-conical drum with a very 
steep pitch or spiral cone. This gives a good many of the char- 
acteristics found in Case III and a r.m.s. value of 440, so that 


т 
del 
J a ЯР: 
Т7 
59 
ЕРЕ 
ЕР 
и 
ENNEBANNENN 
COTTA 


0 4 8 12 16 20 
TIME IN SECONDS 


Fic. 8 


1000 


200 


HP OUTPUT OF MOTOR 


apparently little is gained 1n the use of the steep pitch cone over 
the medium pitch cone of Case III and there is always some 
question in the minds of some operators, whether or not the 
pitch cone is a very desirable design. Personally I am not ex- 
perienced enough with their operation and life to express an 
opinion, but feel that if the same result can be obtained with 
a moderate pitched cone, I personally would prefer the latter. 
Figs. 13 and 14 show results clearly. 

In Cases VI, VII, VIII and IX the same tonnage output has 
been used, but the depth of the shaft increased to 500 ft. "This, 
of course, means a very much more rapid speed of hoisting. 

Case VI is that of a cylindrical drum which shows a very 
undesirable cycle from an induction motor standpoint. It has 
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Fic. 9—MoMENT DIAGRAM— 
Case II—COƏNICAL Drum 6 FT. 
TO 8 FT.—WR? ROTATING PARTS 
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= Moment up load, total 

= Moment up car, cage and ore 
= moment acceleration 

= Moment up rope 

z Moment down rope 

= Moment friction 

= Moment retardation 

= Moment down car and cage 
z Moment total down side 

= Moment total net 


Case II 
Conical Drum 


HP. OUTPUT OF MOTOR 
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Fic. 11— MoMENT DIAGRAM— 
Case III — CvLiNDRO-CONICAL 
Drums 6 rr. To 8 rr.—W R: Ro- 
TATING PARTS 300,000 


= Moment upcar, cage and ore 
= Moment acceleration 

= Moment up горе 

= Moment down rope 

= Moment friction 

= Moment retardation 

= Moment down cage and car 
= Total net moment 


te m Q = ts O Q ч 


HP OUTPUT OF MOTOR 
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60000 
024 6 8 1012 `0 4 8 12 16 2024 28 
TURNS TURNS 
2... 722 Fic. 15-- Case VI — MOMENT 
ASE AN CYLINDRICAL CONICAL DIAGRAM — CYLINDRICAL Drum — 


DRuM—3 TURNS ом CONE—WR? W R? =250,000—DEPTH 500 Ет. 
ROTATING Parts 350,000 
Moment up car cage and load 


В = Moment ир cage, car and ore Moment acceleration 


C = acceleration Moment up rope 

Cı = Acceleration up load on cone Moment down rope 

D = Moment up rope Moment mechanical friction 
E = Moment down торе Moment retardation 

F = Moment friction Moment down cage and car 
G = Moment retardation Total net moments 

Сі = Retardation down load on cone 

Н = Moment down cage and car 

M = Momenttotal net 
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an acceleration peak of over 2000 h.p. and r.m.s. value of 
approximately 1540 h. p. with a large quantity of braking to 
be done to bring the hoist to rest. Figs. 15 and 16. 

Case VII is that of a conical drum 6 to 9 feet. It shows a 
r. m. s. value of 1210 h. p. and a considerable amount of area 
below the line and an acceleration of approximately 1800 h. p. 
Figs. 17 and 18. 

Case VIII, which is a cylindro-conical drum 6 to 9 ít. with 
only sufficient cylindrical por- 
tions to take care of the active 


reduced. Figs. 19 and 20. 


ш ЕР; | | 
TL turns during acceleration and 
60000 ІШ retardation. In this the peak 
E is reduced still further and 15 
40000 | the case of the conical drum, 
IB namely to approximately 1460 
2 ss Ë E| h.p. The r.m.s. value of 1128 
z oLES h. p. and incidently the nega- 
= EN tive area has been considerably 
Ж 
EN 
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Fic. 17--Сазе VII—CONICAL 
Drum 6 FT. TO 9 FT.— DEPTH 500 
FT.—W R: = 400,000 
Moment up cage car and load 
Moment acceleration 
Moment up rope 
Moment down rope 
Moment mechanical friction о 4 8 12 16 20 
Moment retardation 
TIME 
Moment down cage and car 
Total net moment Fic. 18 
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Case IX is a cylindro-conical drum with steep pitched cone. 
This shows approximately the same peak as the drum with the 
long cone, in Case VIII. but hasa slightly less r. m. s. value of 
1070 h. p. Figs. 21 and 22. 

None of the latter cases, I believe, are really suitable cycles 
for induction motor operation and should be driven by Ward- 
Leonard equipments. 
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Fic. 19——MoMENT DiAGRAM—CasE VIII 
— CYLINDRICAL-CONICAL DRUM— W № 
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I realize, of course, that in this short paper I have only touched 
the high spots in the problem of drum shapes, but I have, I 
hope selected sufficient examples to show that there is in the 
proper selection of drum an opportunity for some real engineering. 

I have kept away from the problem of drum shapes con- 
nected with hoisting from great depths as in this class of problem 
the rope weight is usually the reason for any departure from 
the cylindrical drum. The reduction of the acceleration peak 
in deep hoisting is, of course, an advantageous point which 
comes automatically with the coning of the drums. The 
weight of the hoisting cable in some of the deep shafts exceeds by 
a considerable amount the weight of the active material hoisted. 
As before stated this 15 a problem by itself. 


THE NATIONAL ENGINEERING SOCIETIES AND THE 
NATIONAL RESEARCH COUNCIL 


BY GEORGE ELLERY HALE 


N an address delivered in the Engineering Societies Building 
on May 28, at the kind invitation of the Engineering Founda- 
tion, I briefly sketched “the War Activities of the National 
Research Council."* The wide scope of my subject, calling for 
some reference to the work of the Council in the various branches 
of the physical and biological sciences, as well as in agriculture, 
medicine, and other arts, forced me to touch very lightly upon 
engineering. I therefore beg permission to return to this phase 
of the subject in the present paper. 

As shown in the address just cited, the charter membership 
of the National Academy of Science, constituted in the midst of 
the Civil War, comprised a notable group of engineers. Indeed, 
engineering was the only one of the arts represented in the 
Academy, which based its elections, then as now, upon creative 
work and original contributions to knowledge. The war was the 
immediate stimulus that led to the establishment of the Academy, 
but the published opinions of well-known visitors from abroad 
indicate that there was urgent need for such a body in this 
country. 

De Tocqueville, in a chapter entitled “How the example of 
the Americans fails to prove that a democratic people cannot 
possess aptitude and taste for science, literature and art”, wrote 
in 1840 as follows: “It must be admitted that among the civi- 
lized peoples of our time, there are few in which the higher 
sciences have made less progress than in the United States.’’f 
This he attributed to our Puritan origin, our pursuit of the 
wealth which is so easily acquired in a new country, and our 
dependence upon England for intellectual things. “I consider 
the people of the United States as that portion of the English 
people which is charged with the exploitation of the forests of the 
new world, while the rest of the nation, enjoying more leisure 

*See “A Comprehensive Organization for the Engineering Profession 
in America”. 

tDe la démocratie en Amérique, 17 ed., vol. 3, p. 58. 
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and less preoccupied with the material needs of life, may devote 
itself to thought and to the development of the human mind in 
every field."* 

But although he regarded the United States as exceptional, 
he fancied that he recognized in all democracies conditions of 
disturbance and unrest which leave little opportunity for the 
quiet and repose essential to the cultivation of pure science. 
These he carefully distinguished, however, from great upheavals 
of the body politic. ‘‘When a violent revolution occurs among 
a highly civilized people, it cannot fail to give a sudden impulse 
to feeling and imagination.”{ Thus the French achieved 
their highest development in science soon after the revolution of 
1789. 

In 1963, when the National Academy was incorporated, 
De Tocqueville would probably have considered our intellectual 
dependence upon England to be materially less than at the time 
of his visit to the United States, thirty years earlier. Doubtless 
he would have attributed the improved condition of American 
science to the effect of the Civil War, and the considerable in- 
crease in wealth and leisure. In 1873, if we may judge from 
Tyndall's remarks in the concluding lecture of his American 
series, European opinion saw hope for the future of science in 
the United States, but recognized few important accomplish- 
ments. “If great scientific results are not achieved in America, 
it is not to the small agitations of society that I should be dis- 
posed to ascribe the defect, but to the fact that the men among 
you who possess the endowments necessary for profound scienti- 
fic inquiry, are laden with duties of administration, so heavy as 
to be utterly incompatible with the continuous and tranquil 
meditation which original investigation demands.’’{ At this 
time Henry was Secretary of the Smithsonian Institution, Bar- 
nard was President of Columbia College, and Rogers was Presi- 
dent of the Massachusetts Institute of Technology. There was 
thus some justification for Tyndall’s remark, though the amount 
of scientific research in progress was much larger than one would 
infer from his statement of the case. Moreover, though deprived 
by other duties of the privilege of personal work 1n the laboratory, 
these very men, charter members of the National Academy, 
were nevertheless laying the foundation of science in America. 

*Op. cit. p. 60. 

{Ор. cit. p. 70. 

{Six Lectures on Light, 2nd. ed., p. 226. 
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By uniting in one national body the representatives of research 
in both science and engineering, they set an example which their 
successors should keep steadily in view. 

The half century which elapsed before the United States was 
again stirred to its depths by another great war was a time of 
specialization, both at home and abroad. Once fairly launched, 
both science and the arts made rapid progress, but they inevi- 
tably grew apart. Indeed, the tendency toward specialization 
which divided the arts from the sciences also separated the 
sciences into many distinct groups and split the arts widely 
asunder. Thus in engineering, many societies were organized, 
first those comprising the major fields of civil, mechanical, min- 
ing, and electrical engineering, subsequently those dealing with 
the special problems of naval architecture, illumination, refrigera- 
tion, and still more narrowly limited branches. At the same 
time numerous major and minor societies were formed in the 
general field of medicine; others marked out special territories in 
the name of agriculture, forestry, and fisheries; and the process 
of subdivision and separation still goes on. 

It 15 plain that these effects of specialization, while natural 
and essential elements in the development of science and the 
arts, involve certain consequences which are far from advan- 
tageous. The underlying motive of the investigator, to advance 
knowledge and to improve practise through the utilization of 
new ideas, is common to all fields of action. His point of view 
is much the same, whether his problems be those of the biologist 
ог the engineer. Moreover,—and this is a matter of prime im- 
portance—the principles and methods of research developed in 
one field may be equally applicable in another. Thus there is 
an essential solidarity of résearch, which should bring into active 
cooperation the men engaged in all of its various branches. 
Recent experience, both in peace and war, has shown how effec- 
tively the physicist and chemist can join forces with the engineer: 
in fact, how men drawn from the most diverse fields can utilize 
their varied experience to common advantage. 

The remarkable development of engineering in the United 
States is indicated by the success of the four great National 
Societies, which aggregate more than thirty thousand members. 
Nine-tenths of the work of the engineer is organization and con- 
struction rather than research. While the chief interests of the 
National Societies thus lie in other fields, the importance of 
research is such as to demand a large measure of support from 


1226 HALE: NATIONAL RESEARCH COUNCIL 


each of them. Moreover, great benefit will result from a joint 
effort, involving the cooperation: of the National Engineering 
Societies with the National Academy of Sciences in a new and 
powerful movement to promote research in every branch of 
science and the arts. The establishment of the National 
Research Council, and the duties laid upon it by the President 
in his recent Executive Order, plainly indicate the steps to be 
taken. 

It is natural that the first effective contact between the 
National Academy of Sciences and the National Engineering 
Societies should have been established through the Engineering 
Foundation, endowed by Mr. Ambrose Swasey, a mechanical 
engineer who has contributed greatly to the progress of astron- 
omy through the perfection of the powerful telescopes built by 
the firm of Warner and Swasey. It is equally natural that the 
engineers who, with Mr. Swasey, took leading parts in the move- 
ment toward a consolidation of interests were also men fitted by 
experience to appreciate both sides of the question. The 
National Academy owes a special debt of gratitude to Mr. Gano 
Dunn, who immediately grasped the purpose in view, and has 
worked unceasingly toward its accomplishment. Though pre- 
vented by his heavy responsibilities as a construction engineer 
from conducting research in a professional way, Mr. Dunn's 
private activities as an investigator are well-known to his friends 
who therefore understand how whole-heartedly he has devoted 
himself to the task of breaking down the artificial barriers be- 
tween the engineer and the man of science. Others who were 
most active in the initiation of the movement, including particu- 
larly Colonel Carty and Dr. Pupin, also combine experience in 
research with exceptional capacity as engineers. With their 
effective aid, and with the active support of the officers of the 
Engineering Foundation and those of the National Societies, the 
difficulties of the initial steps were soon removed, and the way 
was prepared for the intimate cooperation subsequently realized. 

The National Academy, probably because of the general 
tendency toward separate development of the arts and sciences 
already mentioned, failed to maintain on its rolls the same per- 
centage of engineers with which it originally set out. At the 
annual meeting in April, 1916, however, the following resolution, 
presented by the Council, was adopted by the Academy: 


That the Council express to the Academy the opinion that it is desirable 
that a section of engineering be developed which shall include men who 
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have made original contributions to the science or art of engineering; 
that to this end the council suggests to the Academy that the present 
section of physics and engineering be designated the section of physics, 
and that the Council, under the authority granted by section 4, article 4, 
of the constitution, nominate to the Academy, after inviting suggestions 
from the members of the Academy, two or three engineers each year 
until such time as it shall seem advisable to establish a separate section 
of engineering, any engineers elected as the result of such nominations 
being in the meantime assigned to that one of the existing sections to 
which their work is most closely related. 

Since that time six eminent engineers have been elected to mem- 
bership in the Academy, and the Section of Engineering will soon 
be established. 

Another means of connection between the Academy and the 
engineering profession was initiated at the same meeting. Our 
relations with Germany, after repeated submarine attacks on 
merchant ships, were in a state of high tension, and the need of 
some preparation for coming war was plainly evident. The 
Academy's offer of service to the President was at once accepted, 
and the National Research Council was formed, at the Presi- 
dent's request, for the purpose of federating the research activi- 
ties of the country.* 

The first duty laid upon the National Research® Council by 
President Wilson in his Executive Order of May 12, 1918, reads 
as follows: 

1. In general, to stimulate research in the mathematical, physical and 
biological sciences, and in the application of these sciences to engineering, 
agriculture, medicine and other useful arts, with the object of increasing 
knowledge, of strengthening the national defense, and of contributing in 
other ways to the public welfare. 

This definition of the scope of the Council indicates its purpose 
to give equal attention to research in all branches of science and 
the arts. The Council fully recognizes the solidarity of research 
to which reference has already been made, and its efforts will 
be directed to promoting the closest cooperation between inves- 
tigators in every field. It should be clearly understood that the 
National Research Council was not organized as an independent 
body, but as a means of federating existing research agencies. | 


WAR DUTIES 
It is a matter of prime importance that in all researches bearing 
on the war the scientific and technical societies of the entire 


*See ‘War Activities of the National Research Council". PROCEED- 
INGS A. I. E. E., July, 1918. 
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country should work in close cooperation, both to avoid un- 
necessary duplication and to insure the utilization of all ideas and 
facilities available for the solution of the most difficult problems. 
The National Research Council affords the necessary means of 
bringing representatives of these bodies together and into con- 
tact with the various technical bureaus of the Army and Navy 
and other departments of the Government. The advantage 
afforded by the Research Information Service, and the other 
facilities for international cooperation provided by the Council, 
are described below. Here we may observe how some of the 
work in engineering is conducted. 

The appointment of Mr. Gano Dunn as Chairman and Dr. 
W. F. Durand as Vice-Chairman of the Council’s first Engineer- 
ing Committee insured that its work would be ably directed. 

Mr. Dunn’s engineering duties made it necessary for him to 
retain his headquarters in New York, but his close contact with 
the Engineering Foundation and the national societies proved 
very advantageous. His activities, in fact, led directly to the 
Council's first step in securing general cooperation in the organi- 
zation of researches bearing on the submarine problem. Іп the 
initiation and development of many other undertakings he 
played an equally important part. Dr. Durand's joint duties 
in Washington, as Vice-Chairman of the Engineering Committee 
and as Chairman of the National Advisory Committee for 
Aeronautics, gave him opportunity for valuable work in the 
organization and conduct of many investigations of an engineer- 
ing nature. When the Research Information Committee was 
established, Dr. Durand's qualifications for the position of 
Scientific Attaché and representative of the Research Council in 
Paris were so exceptional that he was transferred to this import- 
ant post. | 

As a typical illustration of the work of the Engineering Com- 
mittee we may describe the organization and activities of the 
special sub-committee on Protective Body Armor, which includes 
in its membership the curator of arms апа armor of the Metro- 
politan Museum of Art, representatives of the Ordnance Depart- 
ment of the Army, well-known metallurgists, and several able 
engineers experienced in different fields. The close cooperation 
of this sub-committee with the Ordnance Department enabled it 
to carry on its work very effectively and to make all necessary 
tests of the special types of helmets and body armor that were 
devised. The form of the helmet was materially influenced by 
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the extensive knowledge of ancient armor possessed by Doctor 
(now Major) Bashford Dean, who also went to France to 
familiarize himself with conditions of trench warfare. The 
value of this experience has been abundantly proved by the 
tests to which the helmets have recently been subjected. The 
metallurgical experiments were carried out in Dr. Howe’s own 
laboratory. The results of the sub-committee’s work promise 
to be of great practical importance in the protection of our 
troops. Another illustration of the work of the Engineering 
Committee, which unfortunately cannot be given in detail be- 
cause of the confidential nature of the problem, is the develop- 
ment of a special form of gun for the Ordnance Department of 
the Army. This involved the cooperation of several engineers, 
machine designers drawn from universities and other organiza- 
tions, ordnance experts, and manufacturing establishments. 

Without going into further details of many other research 
problems studied by the Engineering Committee, we may now 
turn to the work of the recently organized Engineering Division, 
which the natural development of the work of the Research 
Council has brought into existence. The constantly increasing 
demands upon Mr. Gano Dunn’s time resulting from the large 
war contracts upon which his firm is engaged, and the departure 
of Dr. Durand for France, made it necessary to select new 
officers to carry on the engineering work in Washington. Dr. 
Henry M. Howe was accordingly made chairman, and Mr. W. 
J. Lester vice-chairman of the Engineering Division, the pur- 
pose of which is described in the following excerpt from the 
remarks of Dr. Howe at the first meeting of the Advisory Com- 
mittee of the Division. 

After referring to the establishment of the National Research 
Council, and speaking of its general purposes, Dr. Howe went 
on to describe the object of the meeting: 

“It is to consider how we may best carry out this general 
purpose of ‘co-ordinating the scientific resources of the entire 
country’, as regards engineering and how we may best ‘secure 
the cooperation of all engineering agencies in which research 
facilities are available’ that you have been called together. We 
are asked to do something wholly new, and, by the intentional 
breadth of our charter we are in effect told to devis& ways of 
doing it. We have a free hand. 

"Let me tell you what plans we have already made in this 
early and formative stage of our growth: Our most pressing 
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duty is to help the existing governmental agencies in every 
possible way to win the war, taking the attitude that, however 
perfect their several organizations, after all they are finite, that 
is, limited, whereas the demands which the most rapid possible 
development of our military strength makes on them are ùn- 
limited. We therefore seek and welcome ways of helping them. 
In general our natural function here has been to develop ideas, 
often initially nebulous, far enough to make their usefulness 
clear to the military authorities, using this term broadly to 
include the land, sea, and air forces, and then to leave the active 
production to them. In many cases our work is confined 
strictly to perfecting the design, in other cases models have been 
made. In this way the Division of Physics has developed a 
great number of very important instruments and devices relat- 
ing to submarine, subterranean, aircraft, and other matters, and 
the Division of Medicine and Related Sciences, besides organiz- 
ing many researches in medicine, has developed a system of 
psychological tests which have been adopted in the Army for 
both officers and privates. 

"Our own division has already formed five sections,—on 
mechanical engineering under Mr. W. J. Lester, prime movers 
under Prof. Lionel Marks, metallurgy under Dr. Bradley 
Stoughton, electrical engineering under Dr. Stoughton and 
Prof. С. A. Adams, and military “tanks”; and we ask your 
advice today about forming others on ordnance, clearing house, 
and the fatigue of metals. The National Advisory Committee 
for Aeronautics acts as our section on aircraft. Our section on 
Metallurgy has two important committees, on helmets and on 
body armor under Major Bashford Dean, and on Smelting Ores 
of Manganese under Mr. J. E. Johnson, Jr. 

“How we may ‘secure the cooperation of engineering agen- 
cies’ as President Wilson wishes, is illustrated first by our 
working in close cooperation with the Bureaus of Mines and 
Standards, the latter of which has placed a laboratorv at my 
disposal, and second by our research on the saving of manganese 
in steel-making by replacing it іп part with other deoxidizing 
agents. | . 

“Here the deoxidizing agents used must bear such a ratio to 
each othér that the sum of the resultant oxides will be fusible 
at the steel-making temperature, and hence will coalesce and 
rise to the surface Ьу gravity instead of remaining entangled in 
the steel to its great harm. But before we can do this we must 
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learn what the fusible combinations of the oxides of available 
deoxidizing agents are. То this end we have secured the co- 
operation of the Geophysical Laboratory, whose Dr. R. B. 
Sosman is one of the first, if not the first, authority on this 
subject, to select the most promising field, and we are now 
seeking the cooperation of a large number of laboratories, 
industrial, educational, and governmental, in determining the 
actual melting points of large numbers of these combinations of 
oxides. We thus seek a truly scientific solution of the problem 
instead of one by trial and error. Here we may have as many 
as twenty separate institutions collaborating on this one prob- 
lem, with corresponding saving of time. 

“It is to be hoped that our present cooperation with the Bu- 
reaus of Standards and of Mines may be matched by like co- 
operation with the Naval Consulting Board, whose important 
work of sifting out the promising inventions from the great mass 
submitted to it seems to be well complemented by our natural 
work of developing promising ideas." 

Dr. Howe then discussed the question of the men needed and 
the expenses involved in the proposed work. The Engineering 
Division of the Research Council already has thirty thousand 
dollars available for its office and organization expenses during 
the current year, and additional funds will probably become 
available in the near future. 

Since that meeting the work of the Sections on Mechanical 
Engineering and on Metallurgy has developed rapidly. The 
former has taken over the laboratories and machine shop of 
the Carnegie Institution at Pittsburg so as to control the con- 
struction of the devices which it is perfecting. "Through its 
Committee on Fatigue, under the Chairmanship of Prof. H. E. 
Moore of the University of Illinois, it has begun the systematic 
study of fatigue phenomena, having especially in view the 
requirements of aircraft crankshafts and welded ship plates. 
It has brought the development of two special types of guns 
so far that one is now ready for firing, while the other will 
probably be fired before this paper is in print. Beyond this 
it is actively developing ten devices, a special gun for use in 
aircraft, a special mechanism for controlling it, a new control 
for aircraft, aircraft fuel, tanks of various types, mechanism 
for controlling trucks, a new type of tractor, special telescopes, 
special balloons, parachutes, and a new type of aircraft engine. 

The work of the Section on Metallurgy promises to develop 
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chiefly through the creation and direction of committees which 
shall mobilize the latent skill and patriotism in the metal- 
lurgical works themselves and in their laboratories, metal- 
lurgical, chemical and mechanical, and in the laboratories of 
our institutions of learning. Thus in addition to the com- 
mittees mentioned by Dr. Howe, this Section has organized, 
under the Chairmanship of Col. W. P. Barba of the Ordnance 
Department, a committee containing the metallurgists of the 
great ordnance works, Bethlehem, Midvale, Standard and the 
United States Steel Corporation, to formulate detailed direc- 
tions for the procedure in making and treating steel ingots for 
objects needing the very best quality, such as cannon, shells, 
armor and crankshafts. Under the chairmanship of Dr. George 
K. Burgess, of the Bureau of Standards, it is now organizing 
a committee to develop a pyrometer for determining the tem- 
perature of the molten steel in the open-hearth and electric 
steel processes. Other committees with aims of this general 
class are projected. 


REsEARCH INFORMATION SERVICE 


The organization and work of the Research Information Com- 
mittee, which now has offices in Washington, London, Paris, and 
Rome, were described in the address previously cited. The 
subsequent action of the Secretary of War in issuing the fol- 
lowing general order to all scientific and technical bureaus of the 
War Department has led to an important expansion of the work 
of the Committee. 


1. The Secretary of War directs that you be informed as follows: 

2. The Research Information Committee was formed to establish 
machinery by means of which the general staff of the Army, the various 
bureaus of the Army and Navy, the Scientific Organization in the United 
States, who are working on problems connected with war production and 
invention, and the various committees of the Council of National Defense 
charged with work of this nature, may be put in touch with the develop- 
ments and experimental work being carried on, not only in this country, 
but in Europe, and kept mutually informed of the state of development 
of work of this nature. 

3. In pursuance of the order of the Secretary of War, establishing 
this Committee and in order effectively to do this work, it is vitally neces- 
sary that the utmost of cordial cooperation be shown by each of the 
Bureaus and Committees in question with the Research Information Com- 
mittee. To secure this the following is directed: 

(a) All Military Bureaus requiring scientific and technical informa- 
tion are given official status on the Research Information Cemmittee in 
Washington, D. C. 
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(b) Representatives of Military Bureaus or of research committees 
collecting information abroad will be instructed, by their chiefs, to put 
themselves into direct relationship with the joint committees of the 
Research Information Committee sitting in Paris or London, or later in 
Rome, in order that information be at once dispatched to the Research 
Information Committee at Washington, D. C. All communications of 
scientific investigations or research shall be routed through these channels, 
even though other channels are employed at the same time. 

(c) Official means of intercommunication, such as memorandums, 
bulletins and the like, between Bureaus of the Army and Committees for 
research shall be developed to such a degree of efficiency by the Research 
Information Committee that the distribution of information shall be 
practically automatic. 

(d) Before sending officers or civilians abroad for investigation work, 
all Army Bureaus or civilian research committees shall get in touch with 
the Research Information Committee at Washington, D. C. for informa- 
tion and guidance. 

(e The present method of routing information memoranda for file 
and distribution through the Military Intelligence Branch will not be 
discontinued. 

(f) You will immediately notify this office and the Research Informa- 
tion Committee of the name of the officer who shall represent your 
Bureau before the Research Information Committee. 

By order of the Secretary of War: 
(Sgd.) Paul Giddings, Adjutant General. 


In accordance with the principles embodied in this order of 
the Secretary of War, the Organization of the Research In- 
formation Service has been expanded to include official repre- 
sentatives of all the Military and Naval Bureaus, together with 
the more important Government civilian bureaus and commit- 
tees. The present organization of the Washington and foreign 
offices is given below. А meeting of the Washington repre- 
sentatives was held on August 29, when plans for perfecting 
the operation of the service were developed. 


PRESENT ORGANIZATION OF RESEARCH INFORMATION 
SERVICE 


COMMITTEE IN CHARGE: 
The Chief of the Military Intelligence Branch, Brig.-Gen. Marl- 
borough Churchill. 
The Director of Naval Intelligence, Rear-Admiral Roger Welles. 
The Chairman of the National Research Council, who acts as general 
executive officer of the Information Service. 
WASHINGTON BRANCH: 
Officers: 
Executive Secretary, Dr. Graham Edgar. 
Representative of Physics and Engineering. 
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Representative of Chemistry and Chemical Technology, Dr. 
Graham Edgar. 
Representative of Medicine and Related Sciences, Dr. R. M. 
Pearce. 
Representatives of Military Bureaus: 
Division of Military Aeronautics, Capt. A. Ames. 
Military Intelligence, Capt. P. M. Buck. 
Bureau of Ordnance, Major C. J. Brown. 
Quartermaster General, Major W. F. Dodd. 
Office of the Signal Corps, Capt. G. F. Gray. 
Chemical Warfare Service, Major S. P. Mulliken. 
Tank Corps, Capt. Phil D. Poston. 
Engineer Corps. Capt. L. D. Rowell. 
Office of Surgeon-General, Col. F. F. Russell. 
Bureau of Aircraft Production. 
Representatives of Naval Bureaus: 
Office of Naval Intelligence, Lieut.-Com. H. H. Whittlesey. 
Bureau of Steam Engineering, Lieut. M. Pendleton. 
Bureau of Construction and Repair, Capt. W. G. Du Bose. 
Operations-Aviation, Ensign А. F. Lippmann. 
Bureau of Ordnance, Ensign C. L. McCrea. 
Representatives of Civilian Bureaus: 
War Industries Board. 
Bureau of Standards, F. J. Schlink. 
Bureau of Mines, Dr. F. G. Cottrell. 
Bureau of Chemistry, Dr. H. D. Gibbs. | 
Explosives Investigations Committee, Dr. C. E. Munroe. 
Nitrate Investigations Committee, Dr. John Johnston. 
National Advisory Committee for Aeronautics, Dr. W. G. Sabine. 
Representatives of Foreign Missions: 
British Embassy and War Missions. 
French Embassy and War Missions. 
Italian Embassy and War Missions. 
Japanese Embassy and War Missions. 
Canadian War Mission. 
LONDON BRANCH: 
The Military Attaché. 
The Naval Attaché. 
Scientific Attaché, Dr. H. A. Bumstead. 
Engineering Associate, Dr. S. J. Farnsworth. 
Chemical Associate. 
PARIS BRANCH: 
The Military Attaché. 
The Naval Attaché. 
Scientific Attaché, Dr. W. F. Durand. 
Physics Associate, Dr. K. T. Compton. 
Chemical Associate. 
Medical Associate, Dr. R. G. Perkins. 
ROME BRANCH: 
The Military Attaché. 
The Naval Attaché. 
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Scientinc Attaché, Mr. S. 1. G. Knoa. 
Physics Associate, Dr. Edgar Buckingham. 
Chemical Associate, Dr. H. S. Wasnington. 

In this field there will necessarily be close cooperation be- 
tween the National Research Council and the National Éngineer- 
ing Societies, already well begun through the acceptance of the 
offer of the American Society of Mechanical Engineers referred 
to іп the address so frequently cited. The policy of the Informa- 
tion Service will be to render available to accredited persons all 
. sources of information relating to research, both at home and 

abroae , Its chief function at present will relate to the war; but 
this naturally includes extensive duties of an industrial nature, 
in addition to more strictly military and naval work. Through 
the scientific attachés at the various embassies, the Army and 
Navy Intelligence Services, and the officers of the scientific and 
technical bureaus of the Government, and through various other 
agencies with which the National Research Council is in touch, 
a large collection of valuable information will be brought to- 
gether and collated for easy reference. 


INTERNATIONAL COOPERATION IN RESEARCH 


The work of the Research Information Service, which has 
already led to the establishment of the position of Scientific 
Attaché by the State Department, 1s part of an extensive plan 
for international cooperation in research which is being devel- 
oped by the National Academy of Sciences and the National 
Research Council. A detailed plan for cooperation among the 
Allies in all researches bearing on the war has been prepared by 
the Council of the National Academy, for submission at a meet- 
ing soon to be held in London, at which the United States will 
be represented by a delegation appointed by the National 
Academy. 

It is evident that each of the National Engineering Societies, 
in addition to its special reasons for securing effective inter- 
national cooperation in its particular field, has broader interests 
that necessarily involve joint action with the representatives of 
other branches of science and the arts. The plan prepared by 
the National Academy provides a means, through the Section 
of Foreign Relations of the National Research Council, by which 
such joint action can be arranged for. While the time is not 
yet ripe to enter into the details of the scheme, it is worthy of 
mention here because of its bearing upon the subject of this paper. 
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INDUSTRIAL RESEARCH 


I may conclude this paper with a brief reference to the common 
interests of the National Engineering Societies and the National 
Research Council in the promotion and organization of industrial 
research, already mentioned іп my New York address. Тһе 
members of the Advisory and Active Committees of the Indus- 
trial Relations Section of the National Research Council dined 
together in New York on May 29. Among the speakers who 
strongly emphasized the importance of promoting industrial 
research were Hon. Elihu Root, Mr. Theodore N. Vail, Col. J. 1. 
Carty, Mr. Ambrose Swasey, Dr. Henry S. Pritchett, Mr. P:erre 
S. duPont, Mr. George Eastman, Mr. Arthur H. Fleming, Dr. 
L. Н. Baekeland, President Richard C. Maclaurin, Dr. M. I. 
Pupin, and Dr. Willis R. Whitney. Mr. Theodore N. Vail was 
elected Chairman of the Advisory Committee, and it was 
decided to organize the work of the Section апа to begin the 
publication of a series of bulletins on the value of research and the 
advantages resulting from the establishment of research labora- 
tories. The Active Committee, of which Dr. John Johnston is 
Chairman, has stimulated the organization of several successful 
conferences on research in the industries, and’ the outcome of its 
Work is very promising. 

Here is a field where the Engineering Societies and the Re- 
search Council can cooperate to special advantage through the 
Engineering Foundation, which is already taking an active part. 
The possibilities of developing this work, through the establish- 
ment of special laboratories and by other means, are obvious, 
and advantage will be taken of the present exceptional oppor- 
tunity to influence favorably the industries which have hitherto 
failed to appreciate the value of research. 
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ELECTRIC MOTORS IN THE CEMENT INDUSTRY 


BY R. B. WILLIAMSON 


ABSTRACT OF PAPER 


This paper has been compiled by the Committee on Indus- 
trial and Domestic Power to give general information regarding 
the different classes of machinery used in the cement industry 
and the sizes and types of motor best adapted for the work. The 

aper gives, first, a brief description of the process. This is fol- 
owed by ап outline of the various kinds of machinery used to- 
gether with data as to power requirements. The types of motor 
best suited to each application together with starting character- 
istics, overload capacity, torque and other features are indicated. 


RACTICALLY all modern mills manufacturing Portland 

cement are driven by electric motors, and since the pro- 

cess is mainly one of crushing and grinding, a large amount of 
power is required. 

Before considering the various motor applications, it may 
be advisable to give a brief outline of the process of manu- 
facturing Portland cement, which constitutes about 99 per cent 
of the cement of all kinds manufactured in the United States. 


GENERAL DESCRIPTION OF PROCESS 


Portland cement is generally formed by an artificial combina- 
tion of calcareous and argillaceous materials. These materials 
are mixed either before grinding or during the process of grinding. 
After being ground so that from 80 to 90 per cent of the material 
will pass through a screen having 200 meshes per lineal inch, 
it is burned to incipient fusion in a rotary kiln, after which the 
resulting clinker is again ground so that at least 78 per cent 
will pass the 200-mesh screen. 

The Portland cement clinker, after it leaves the rotary kiln, 
requires no further treatment than grinding, excepting the 
addition of about 2 per cent of gypsum to retard the setting. 
In some parts of the United States natural cement rocks are 
found which contain nearly the proper proportions of materials 
to produce Portland cement; but, even in these localities it 
is generally necessary to add either limestone or shale in order 
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to get the proper mixture. Certain deposits of cement rock 
so nearly approach the proper proportions of materials, that 
at one time limestone must be added and at another time shale. 

In the United States, limestone furnishes the largest supply 
of calcareous material for Portland cement. Other sources of 
supply for this class of material, in addition to cement rock 
mentioned above, are marl, chalk and alkali waste. Shale 
and clay are most commonly used for obtaining the argillaceous 
material for Portland cement. Cement rock mentioned above, 
as well as blast furnace slag, are also used as a source of argilla- 
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ceous material. Blast furnace slag, like cement rock, contains 
a considerable proportion of lime and has the further advantage 
that this lime is found as calcium oxide instead of the carbonate; 
therefore, the heat necessary to dissociate the carbon dioxide 
gas from this part of the lime is not required. 

The preliminary crushing of limestone, cement rocks and 
shale is ordinarily done in the crushers of the gyratory, jaw or 
rolltype. Materials may be ground either in the wet or dry state. 
Fig. 1 shows a typical flow sheet for a wet mill and Fig. 2 for 
a dry grinding mill. In a dry grinding plant, the two classes 
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of materials are preferably dried separately and then weighed, 
after which they are ground. Ina wet grinding plant, the mater- 
ials are generally measured or weighed in their natural state 
as excavated, and then ground. Where shale or cement rock 
is used as the argillaceous material, it must be crushed in rock 
crushers. In the past, it has been the practise in certain wet 
grinding cement plants to dry the clay in order better to store 
and handle it, and also to eleiminate gravel and other foreign 
material. The better practise, however, is to dump the clay 
in its natural state into a wash mill where sufficient water is 
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mixed with it to allow the heavy pieces of gravel to settle out, 
and also to form a slurry which can easily be stored in tanks. 
The flow sheet, Fig. 1, for a wet grinding cement plant shows 
a wash mill installed for handling the argillaceous material. 
Wash mills are used only for clays, marls and similar materials, 
which, by mixing with water, can be kept in suspension. If 
shale were used as argillaceous material, a crusher of some 
type would have to be provided instead of a wash mill. 

The same general type of grinding machinery can be used 
for either wet or dry grinding. In the past, it has been custom- 
ary to use a preliminary and a finishing grinder; but, the latest 
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development in cement practise is to use a combination mill 
which combines the preliminary and finishing grinder in one 
machine, eliminating considerable expense in cost of installation 
and reducing materially the cost of operation. The combina- 
tion mill has its greatest advantage in eliminating one set of 
storage bins and a great deal of elevating and conveying machin- 
ery. Combination mills consisting of a preliminary compart- 
ment charged with steel grinding balls and a finishing compart- 
ment charged with flint pebbles were tried many years ago, 
but mills of this type have never been successful until the intro- 
duction of the iron grinding body in the finishing compartment. 
The introduction of iron grinding bodies in the finishing compart- 
ment has also increased the capacity of mills of a given size, 
resulting in greatly simplifying the design of a cement plant, 
also reducing the cost of installation and operation. 

While most mills have in the past been arranged for dry 
grinding, there is a strong trend towards wet grinding in new 
installations. The principal advantages of the wet process are, 
cleanliness, less tendency for different materials to segregate, 
and better opportunity to correct the mixture to obtain the 
exact proportions desired. 

In the early days of the manufacture of Portland cement, 
the ground raw material was made into briquettes and then 
charged into a vertical kiln and burned. This process of burn- 
ing was more economical in fuel consumption than rotary kilns, 
except of the very latest type; but had the disadvantage that 
a great deal of the material was wasted on account of being 
improperly burned and the labor cost was very high. In the 
United States, fuel was comparatively cheap and the cost of 
labor high, and, as might be expected, the rotary kiln is an 
American invention. Тһе improvements made in the rotary 
kiln have resulted in such saving in the cost of burning cement 
that it is now generally used throughout the world. 

The clinker leaves the rotary kiln at a high temperature, 
and before grinding it must first be cooled. Most modern 
cement plants use a rotary cooler after the kiln. "The cooler 
is preferably placed below the kiln in order to conserve the 
sensible heat of the clinker, the air for cooling the clinker passing 
up into the kiln to support combustion. In addition, however, 
to cooling the clinker, it 15 desirable to age it before grinding, 
as aging not only improves the quality of the cement, but also 
increases the “‘grindability” of the clinker. The aging of cement 
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can either take place before grinding or after grinding; but, 
the cement can be more cheaply stored in the condition of 
unground clinker than after it is ground. 

The grinding of the clinker into finished cement requires 
more power than any other step in the process, as the clinker 
ordinarily is much harder to grind than the raw materials. It 
is common practise in American cement plants to grind the 
raw material and the clinker to about the same fineness. There 
is at the present time, a tendency to demand more finely ground 
cement, specifications for Portland cement in the United States 
having been changed in 1916 from 75 per cent through 200 mesh 
to 78 per cent through 200 mesh. There is a greater tendency, 
however, to grind the raw material extremely fine. There are 
three advantages in the extremely fine grinding of raw material; 
fuel is saved, a better cement 15 produced, and the clinker from 
finely ground raw material is more easily ground than clinker 
from the same material not so finely ground. 

Natural gas and fuel oil are used in a few cement plants, but 
the most commonly used fuel for burning Portland cement 1s 
finely pulverized bituminous coal. Bituminous coal 1s crushed 
in a preliminary crusher, or the screenings from the coarse coal 
are used, after which it is passed through a rotary dryer and 
then ground so that about 85 per cent passes through a 200 mesh 
sieve. Finely pulverized coal is blown into the rotary kiln by 
an air blast; the pressure used varies greatly but is generally 
from two to six ounces. 


GENERAL CONDITIONS AFFECTING MOTORS 


The same reasons that hold for the preference of a-c. to d-c. 
motors in general industrial work make the a-c. motor more 
desirable for cement mill operation. There are two main reasons 
for this. First, the relatively higher alternating voltage that 
can be used, 1. e. 440 or 550 volts or even 2200 volts for some of 
the motors in large mills; and second, the greater mechanical 
simplicity of the a-c. motor, particularly that of the squirrel 
cage type. The great majority of cement plants use alternating 
current, though there are a number of mills equipped with d-c. 
motors which have given excellent service. There is nothing 
inherently injurious about the action of cement dust on the: 
commutators of d-c. machines, and they are successfully em- 
ployed in some plants, but, all in all, the a-c. motor is preferred 
and used. The following features should be borne in mind in 
selecting motors for a cement mill. 
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Service. Continuous. Shut down for repairs only. 

Starting Conditions. Severe on many applications and 
making phase-wound-rotor motors preferable or even essential. 

Rating. May be affected by heavy accumulations of dust 
on the motor windings, thus interfering with ventilation. Ma- 
chines should be frequently blown out and cleaned off. 

Bearings. Should also be made dust proof by the use of 
felt and steel washers, as cement has a highly abrasive action 
and greatly increases bearing wear when present in the bearings. 

Outboard Bearings. It is good practise to supply outboard 
bearings for belted motors of 75 h. p. and larger. Pulleys 
larger than usual in both diameter and length are often specified 
since the cement dust causes more than normal belt slippage 
and makes necessary tighter belts and increased strain on bearings. 

Drive. Motors should not be direct geared to crushing ma- 
chinery on account of excessive and severe vibration. Low 
speed motors direct-connected through flexible couplings, or 
belted, are the proper application. So far as possible, motors 
and belts should be placed in a separate room for protection 
-from dust and to prevent their agitating the dust in the room 
where the mills are located. 

Type of Motors. Alternating-current preferred; squirrel- 
cage where starting conditions are fairly easy, and wound-rotor 
motors where starting is severe. Low- or moderate-speed motors 
should be used. On account of the unfavorable belt conditions 
large speed reduction ratios should be avoided. Moreover, 
low- or moderate-speed motors are more substantial mechani- 
cally than high-speed and give less bearing trouble. 

Collector rings are not injured by cement dust, which, when 
dry, does not show the abrasive action that it does in the bear- 
ings. It 15 advisable, however, to protect collectors so that dust 
cannot settle on them in large quantities. | 

While the induction motor has been used almost exclusively 
for cement plant operation, there are indications that syn- 
chronous motors will be adapted to this work more in the future. 
This is specially so in the case of low-speed motors for geared 
tube mills as mentioned later. 

Frequency. Frequencies of 60 cycles and 25 cycles are in 
common use. Most of the large plants that are operated in con- 
nection with steel mills have 25-cycle equipment since they 
usually get their power from the same source as the steel mill, 
and 25 cycles has been generally used for steel mill operation. 


1918] WILLIAMSON: MOTORS IN CEMENT INDUSTRY 1243 


A few plants are in operation at frequencies other than 25 or 
60 cycles but these are on the whole exceptional. 

Voltage. 440 volts preferred to 220 on account of copper 
distribution; 550 volts is satisfactory in a dry process plant. 
In some large mills 2200 volts has been used for the large motors 
but this practise is not common. 

Load Factor. May be as high as 95 per cent since the ma- 
chines run at all times under constant full load. The load 
factor of the average complete cement plant runs from 65 to 75 
per cent taken through the entire year and is probably the highest 
of any industry. 

The various kinds of machines that may be employed for 
the different processes in а cement mill may be grouped as 
follows: 

1. Elevator and conveyinz machinery for raw material. 
2. Crushers. 
Gyratory jaw Roll. 


3. Intermediate crushers 
Roll Hammer mills. 


4. Rotary Dryers. 

5. Preliminary Grinding Machinery. 
Ball mills Rolls 
Ring-roll mills Huntington mills 
Hammer mills Griffin mills. 
Fuller mills 


Ray mond mills. 
6. Finish Grinding Machinery. 
Tube mi'ls 
Combination mills. 
Conveying Machinery for Finished Product. 
Rotary kilns. Coal feeding machinery. 
Cement Grinding Machinery. 
(a) Preliminary grinding 
Ball mills 
Rolls 
Griffin mills 
Ring roll mills. = 
(b) Finish grinding 
Tube mills 
Ball peb mills 
Combination mills. 
10. Coal Grinding and Drying Machinery. Same class of machinery 
as used for raw material. 


ро 


ELEVATORS AND CONVEYERS 


Every cement plant requires a large number of elevators. 
and conveyers for handling the material between the various 
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Steps in the process. One modern 3000-barrel plant, as an 
example, has 14 elevators, 2 belt conveyers and 8 screw con- 
veyers in its equipment. It is very important that these aux- 
iliaries be kept operating, as an accident to a conveyer or eleva- 
tor may shut down an entire department of the plant until 
repairs can be made. 

Various methods of driving this class of machinery have been 
installed in different mills. "The chief difficulties are that the 
driving shafts run at extremely low speeds and that elevators 
must be driven from the top. The first necessitates a number 
of countershafts and belts or gears to give the necessary speed 
reduction and the second means that the driving motor, if 
individual drive is used, must often be located in an inaccessible 
place and in many cases be subjected to considerable vibration 
due to weak foundations. А very good method of drive which 
is sometimes applicable, especially in the case of crushers or 
group drive of grinding machinery, is to belt the elevators and 
conveyers from a pulley on some part of the mill shafting or 
from a small pulley on the front end of the motor. 

Another method adopted in some plants is to group several 
elevators and conveyers on one motor, driving through counter- 
shafts and belts or chains. 

The third possibility is to put an individual motor on each 
conveyer and elevator. In applying individual motors to 
this class of work, however, there are certain points which 
should be borne in mind if trouble is to be avoided. The 
machinery is rather roughly built, especially bucket elevators 
and bucket and drag type conveyers. These usually consist 
of two parallel chains driven by rough cast or forged sprockets, 
and carrying the buckets between them. It sometimes happens 
that the chains will climb up on the teeth of the sprockets and 
throw heavy overload on the driving motor which may be 
enough to stall it. Screw conveyers occasionally wear their 
bearings down so far that the screw may rub against the trough 
for most of its length with consequent overload. These possi- 
bilities make it advisable, in the case of individual drive, always 
to install motors from 25 to 50 per cent larger than necessary 
to meet the average power demand. This is not true when 
group drive 15 used as it 15 very unlikely that more than one 
unit of the group would be subjected to overload at the same 
time and this would probably not affect the operation of the 
motor to any extent. At the same time, group drive has the 


1918] WILLIAMSON: MOTORS IN CEMENT INDUSTRY 1245 


disadvantage or requiring more belts and countershafts and 
of the probability of crippling an entire department if an acci- 
dent hdppens to any unit or any part of the transmission. 

The lengths and types of elevators and conveyers differ so 
much with different plants that it is impossible to give a table 
which will be of much assistance in estimating the power re- 
quired, but the following test results will probably be of some 
service in such work. 


Screw conveyer on dry clay. 


Diameter sioe c A Yo сы кта WA PW er 16 in. 
lord MET PP" 16 in 
Lenet iwi neon eid wih Г wa dee ГГ 120 ft 
Speed Of SCreW asic ie ssh a ie aes whe ew as 65 rev. per min. 
Horse power........................... 5.5 

Screw conveyer on pulverized coal. 
Латентна ал Е 16 іп. 
РИСА over oh QR аа ааа 16 іп 
Length. ооа ак a dd vs 162 ft 
Speed ol етет: соо Rad UL Re la 55 rev. per min. 
Horse рож ег да be Sut esta eT re ido 3.7 

Belt conveyer on finished cement. 
Widih ugut о оооу ое 20 іп. 
Гепріһ.................. between centers 230 ft 
Height material is lfted................. 40 ft. 
joo: M THp PEERS 200 ft. per min. 
Horse power........................... 10-14 

Belt conveyer on crushed stone. 
Widtli икки cota exu ea RE индин ША PCR 20 in. 
Lengtliosso Бә dae ou vm between centers 135 ft. 
Height material is lifted................. 22 ft. 
еы е РИНЕ s НН Ma esed dm NEA CEN e s 211 ft. per min. 
Horse power about...................... 5 

Elevator on crushed stone. 
ВОК Е ocu нк КАЗ Sag dr edt 18 x 10 x 16 in. 
Height material is elevated............... 52 ft. 
COC rapa uqa а id ud 83 ft. per min. 
Horse power........................... 3 to 5.5 


Elevator same as preceding except elevating to 60 feet in- 
stead of 52 feet. Horse power 2 to 3 (probably due to better 
lubrication.) 


Elevator on crushed stone. 


BHückets- иа Peewee Pee 48x 8x 12 in. 
Height material is raised................. 62 ft. 

Веви зе ere ОГО КОЛГО СОГ 95 ft. per min. 
Horse power............ 8 to 10 (occasional peaks above 15) 


The starting torque of elevators and conveyers 1s likely to 
be above normal running torque, but standard squirrel-cage 
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motors, if large enough to take care of the peak loads as men- 
tioned above, should have no difficulty in starting them. 


CRUSHERS | 


All dry process cement mills require extensive crushing plants 
for their limestone cement rock. Three types of crusher are 
in common use for this work. Gyratory crushers are used 
more than any other, although those of the jaw type, or crush- 
ing rolls, are preferred in some cases. 

Gyratory Crusher. The gyratory crusher has a vertical shaft 
with a bearing at the top and bottom. The shaft is driven by 
a bevel gear and pinion at the lower end. The shaft is eccentric 
with respect to the bottom gear and journal so that the shaft 
gyrates as the gear revolves, the amount of side movement 
being a maximum at the bottom and a minimum at the top. 
Attached to this shaft is a conical crushing head of chilled iron 
or special steel, sometimes smooth and sometimes corrugated. 
The shell or mouth of the crusher surrounds the crushing head 
and is lined with special iron or steel plates. The shell is conical 
but inverted so that the distance between its surface and the 
crushing head is a maximum at the top and a minimum at the 
bottom. As the shaft rotates, its gyratory motion causes the 
head to alternately approach and recede from the shell so that 
the large pieces of rock which are fed in at the top are gradually 
broken up and fall lower and lower in the shell until the pieces are 
small enough to fall out through the space between the bottom 
of the head and shell on to a sloping diaphragm between the 
bottom of the shell and the driving gear, which directs the 
crushed pieces into the discharge spout. 

In all cement plant crushing, the problem is to reduce the 
rock from the size as it comes from the quarry down to a 
size small enough to pass an inch or a 34 inch ring. It has 
been found that it is better to divide this range into two steps 
instead of making the entire reduction in one machine. Тһеге- 
fore, in most crushing plants, the rock first passes through a large 
crusher which reduces it to three- or four-inch cubes, after 
which it is reduced to the required size (usually 34 to 1 inch): 
in smaller crushers. Occasionally, revolving screens are 
installed to grade the material as it comes from the crusher, all 
that which will not pass through thescreen being returned for 
further reduction. 

There is а considerable difference of opinion regarding the 
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size of the first crusher. The rock as it comes from the quarry 
is made up of pieces of various sizes ranging from small chips up to 
pieces three or four feet in diameter, the only limit being what 
can be handled by a steam shovel. The great majority of the 
pieces, however, are under 20 inches. Some cement manu- 
facturers install for the first crusher a machine large enough 
to take the largest pieces, while others use a crusher large enough 
for the average size and break up the extremely large pieces 
with dynamite before taking them to the crusher house. The 
advantage of the first method is that it eliminates this dynamit- 
ing, thus saving labor and expense in the quarry. Its disad- 
vantage is that a crusher large enough to take care of the few 
exceptionally large pieces will probably have a much greater 
capacity than necessary so that it will be idle a great deal of the 
time, and will represent considerably тоге investment than а 
smaller machine, as well as a greater consumption of power. 

The size of the crushers is designated by an arbitrary number. 
Practically the same system is used by the different manufactur- 
ers, so that a No. 8 crusher, for instance, is about the same size 
capacity, etc., whether one make or another; Table 1 is there- 
fore approximately correct for all makes. As а No. 3 crusher 
is the smallest which is likely to be used in any cement plant, 
data are omitted on number 0, 1 and 2. 


TABLE 1. 
Power Requirements of Gyratory Crushers. 


Size of opening on 


Makers No. each side of top Size cube which Horse power 
bearing arms can be crushed 
3 7 x 28 7 10- 20 
4 8 х 34 8 15- 25 
5 10 x 40 10 20- 35 
6 12 X 44 12 25- 40 
7-14 15 x 55 15 50- 70 
8 18 X 68 18 65-100 
9 21 x 76 21 100-140 
10 24 X 99 24 125-175 
18 36 150-200 
21 42 150-200 
24 48 175-225 


200-250 


The horse power figures given in Table 1 must be used with 
discretion because there are a number of factors which affect 
the power required by crushers. Chief among these are the hard- 
ness of the material to be crushed and the method of feeding. 
On soft rock or shale the power will be lower than when crushing 
very hard stone, the difference being about as indicated by the 
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two limiting powers in the above table. When crushers are 
fed intermittently as for example the very large crushers which 
take the material when it first comes from the quarry and which 
are of such great capacity that they can run a small carload of 
rock through in less than a minute, after which they may run 
light for several minutes, the driving motor can be somewhat 
smaller than for crushers of the same size fed from bins where 
the power is more nearly continuous. It is the usual experience 
that crushers are “over motored”, and the horse power data 
given in the above table are more likely to be high than low. 
Belt drive is used almost exclusively, an incidental advantage 
being that the belts afford some protection against damage in 


Curve B:- Belt Slip 


50 - badly " ligi ; 


HORSEPOWER 


1 2 
TIME IN MINUTES 


Fic. 3—TEsTs oN THREE No. 5 CRUSHERS—EAcH DRIVEN BY 25 
HORSEPOWER 600 REV. PER MIN. 
A, CRUSHER WITH CORRUGATED HEAD— I l5 IN. PRODUCT 
B, u a “ “ —1М IN. “ 
С, ^ “ _ бмоотн * —] IN. s 


case pieces of iron etc., get into the rock accidentally. Installa- 
tions seem to be about evenly divided between those using 
individual motors and those in which the entire crushing plant 
including possibly three or four crushers with their elevators 
and conveyers are driven in a group from one large motor. 

The starting torque required by a*gyratory crusher is small 
unless it is accidentally stopped with material in it, in which 
case, it 1s usually necessary to dig it out before it can be started. 

Typical load curves on crushers are shown in Figs. 3 and 4. 
The former illustrates the difference that may exist between 
the power required by crushers of the same size due to the quality 
of the material. 


nee ntt 
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Jaw CRUSHERS 


In jaw crushers of the Blake type the crushing takes place 
between the two jaws set at an acute vertical angle, one fixed 
and one movable; the feed opening at the top being greater than 
the discharge at the bottom, gravity brings the material into 
the crushing zone and discharges it when crushed. The movable 
jaw is suspended from the top of the crusher frame and is given 
a reciprocating motion by means of an eccentrically operated 
vertical pitman and a pair of toggle plates. 

The most favorable condition for jaw crushers is obtained 
when the ratio of size of feed to product does not exceed 6 to 1. 
When this ratio is exceeded, the efficiency of the crusher is greatly 
decreased, and an increase in the power requirement will be 
noted. With a ratio of 6 to 1, the power requirement remains 
practically constant whether the reduction is from 18 in. to 3 in., 


= 
ENDE 


0 LL ае 3 
TIME IN MINUTES 


Fic. 4—PoOWER REQUIRED TO DRIVE MAMMOTH CRUSHERS WHILE 
CRUSHING ONE CARLOAD OF ROCK—FEED AVERAGE SIZE FORM QUARRY 
—REDUCES TO 4 ІМ.-5 IN. SIZE 


or from 6 іп. to 1 in. The amount of material crushed, however, 
will be in proportion to the width of the discharge opening, 
4. е., when reducing from 18 in. to 3 in., the crusher will handle 
approximately three times as much material as when reducing 
from 6 in. to 1 in., all other things such as size of feed openings, 
speed, etc. remaining constant. Any increase or decrease within 
certain limits in the speed of the crusher will increase or decrease 
the volume of material handled and the power required. 

The power required to operate any given size of jaw crusher, 
depends on the power required to operate the crusher when 
running idle and the power required to do the work of crushing 
the material. 

Consider these in the order as given above: The power re- 
quired to operate a crusher when it is running idle is due prin- 
cipally to friction, and this will vary considerably for different 
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sizes, speeds and makes of machines. When figuring the power 
requirements of a jaw crusher, it would be preferable to obtain 
the friction of the crusher direct from the manufacturer. 

For the Blake crusher, there is one theoretically correct speed 
based on the law of gravity. The time period of the stroke of the 
movable jaw must not exceed the rate of movement of the mater- 
ial due to gravity. "Therefore, there is one theoretical speed 
for all sizes of crushers, but it is 
obvious that there is a mechani- 
cal limitation when a certain 
size of crusher is reached that 
will necessitate the use of a lower 
speed. 


gu 
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Е This curve is drawn on the assumption 
d that the size of the product will never be 


less than 1 inch and that the reduction 
Fic. 5 will never be more than 6 to 1. 


An approximation of the power required to operate the 
crusher when it is doing no work 15 
f» = 0.016 X b хш 
where 
Pm = horse power 
b breadth of opening of jaws in inches. бее Fig. 5 
w = width of opening of jaws in inches. See Fig. 5 
Power required to crush the material. 
The amount of material M passed by the crusher is* 
ya sbd + s) R 
57.6 tan. ф 
Where M = cubic feet of material per hour. 
s = stroke in inches measured at the throat of crusher. 
See Fig. 5 | | коче Nes ы 


Мага, “Theory and Practise of Ore Dressing." 
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d = average distance in inches between the fixed and 
movable jaws and the minimum and maximum 
position of the swing jaw as measured at the throat 
ofthecrusher. See Fig. 5. 

b = breadth in inches at opening of jaws. See Fig. 5 

R= revolutions per minute. 

The angle $ varies for different makes of crushers from 20 deg. 
to 26 deg. 

The above formula gives the theoretical capacity and is the 
one used in figuring the power requirements. In order to obtain 
the actual capacity, the theoretical capacity should be divided 
by 1.6. This is on account of irregularity in feed, hardness 
of material, size of material, etc. 

In the smaller sizes of crushers, where the breadth b is small 
and the stroke s is large, comparatively, it is found that the 
theoretical capacity M is as much as3l4 times the actual capacity. 
This is due to the fact that these smaller sizes of crushers are 
very inefficient when compared to the larger sizes; this is found 
for example to be the case of the 10 in. x 7 in. machine as shown 
in Table 2. "Therefore, the empirical formulas as herein given 
will not apply to these small crushers. 

Power required to crush the material (dry limestone) 

b.” РМ , 
where р. = horse power. 
p= take from curve—Fig. 6. 

It is assumed that the size of the product will never be less 
than one inch and that the reduction will never be more than 
6 to 1. 

The total power required to operate the crusher when doing 
work 

P= bm + Pe 

Where P = horse power. 

The above formulas have reference only to the crushing of 
dry limestone. The weight of one cubic foot of broken dry 
limestone is approximately 100 Ib. 

As the starting conditions are usually severe, the slip ring 
type of induction motor is invariably recommended to drive 
jaw crushers. 

FAIRMOUNT CRUSHER 

Many of the more recent crushing plants for cement works 
use the Fairmount type crusher. This machine consists of a 
single roll working against an anvil plate. The roll is provided 
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with knobs from two in. to three in. in height for crushing against 
the anvil plate and with sledging knobs from three in. to four in. 
in height for breaking the large pieces of stone on top of the roll, 
which are too large to be directly gripped between the roll and 
the anvil plate. These machines have a very large capacity 
when operating continuously, but are not objectionable for 
small capacity on account of their very low friction load when 
running idle. 

The Fairmount type crusher is built in sizes 24 X 36 in., 
24 X 48 in. and 24 X 60 in., also 36 X 60 in. and 60 X 84 in., 
in each case the size being referred to diameter and face of the 
roll. The size which has so far been used in cement plants is 
36 in. diameter by 60 in.face. This size of machine ordinarily 
requires a 150-h. p. motor to drive it and it has a capacity of 
from 200 to 500 tons per hour, depending upon the character of 
the material to be crushed. Опе of the particular advantages 
of the Fairmount type crusher is that it makes a very large 
reduction in one operation so that the number of secondary 
crushers is reduced and the product from the primary crusher 
being smaller can be much more easily handled into and out of 
storage bins. 

The starting torque required for the Fairmount crusher when 
idle, is very low so that squirrel-cage motors are often used. 
While it is not possible to start the crusher full of stone even 
with slip ring type induction motor, the latter will give sufficient 
torque to start up the crusher without entirely cleaning it out, 
if it should happen to stop under load. Slip ring type motors 
are therefore, recommended for this class of work. 


e 


% 
CRUSHING ROLLS 


The most favorable condition for crushing rolls is obtained 
when the ratio of size of feed to product does not exceed 4 to 1. 
When this ratio is exceeded, the efficiency of the roll is greatly 
decreased and an increase in the power required will be noted. 
With the ratio of 4 to 1, the power requirement remains prac- 
tically constant whether the reduction is from 4 in. to 1 in. or 
from 1 in. to l4 in. The amount of material crushed, however, 
will be in proportion to the size, z. e., when reducing from 4 in. 
to 1 in. the rolls will handle four times as much material as when 
reducing from 1 in. to 4 in; all other things such as size of rolls, 
speed, etc., remaining constant. Any increase or decrease in 
the speed of,the rolls will increase or decrease the quantity 
handled and the;power required. 
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Due to irregularity of feed, variation in size and hardness of 
material, etc., it has been found that the power required is not 
steady but fluctuates as shown by Fig. 7 which is a power 
diagram of a 42 X 16-in. roll operating at 60 rev. per min. and 
reducing dry iron ore from a maximum of two inches to an aver- 
age of one-half inch, the average power being 13.18 h. p. 

Fig. 8 shows the relation existing between horse power per 
cubic foot per hour and different ratios of reduction assuming 
maximum size of feed material and average size of product, all 
friction of the rolls being neglected. This curve has been 
plotted as an average of points obtained from actual tests. It 
is to be noted, however, that while dry material has been rolled, 
most of the points indicate power readings taken while crushing 
iron ores, and that only one point refers to the rolling of dry 


HORSEPOWER 


MINUTES 
Ес. 7 


limestone such as is used in the cement industry. As the iron 
ore is a harder substance than the limestone, it is reasonable to 
assume that the curve as drawn shows values slightly higher 
than would be obtained had more data been available on dry 
limestone. | 

The friction of crushing rolls, that is, the power required to 
drive the rolls at their normal speed and without load, varies 
considerably for different sizes, speeds and makes of machines, 
but an approximate average is obtained from the following: 


P, = 0.0835 (D + W) 
where р, = horse power 
D — diameter of rolls in inches 
W = face of rolls in inches. 
When figuring the power requirements of crushing rolls it is 
preferable to obtain the friction of the rolls direct from the 
manufacturers. 
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The amount of material passed by the rolls is 
_ dx WX. 

m 144 
where M = cubic feet of material per hour 

d= distance in inches from edge to edge of roll (See 

Fig. 9) 
W = face of rolls in inches 
S — peripheral speed of rolls in feet per minute. 
The above formula gives 


х 60 


а M the theoretical capacity and 
z is the one used in figuring 
& 3.0 the power requirements. In 
B order, however, to obtain the 
2, actual capacity, the theoreti- 
"i cal capacity should be divided 
а by 4. This is on account of 
= 22 Š Аке irregularity in feed, etc. 


The total power required to 
drive rolls for any different 
rolling condition is 

P= (p X M) + hb 
where Р = total horse power 

р = horse power рег 
cubic ft. per hr. (Fig. 8) 
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As the starting conditions are not severe, the squirrel-cage 
induction motor makes a suitable machine for driving the rolls, 
provided the conditions are such that this type of motor is con- 
nected to a source of power where line disturbances are not 
objectionable. If line disturbances are objectionable, the slip 
ring type of induction motor should be used. When shutting 
down the mill, the usual procedure is to first cut off the feed to 
the “rolls, -allowing-same-to empty themselves, before closing 
down the motor. ` No difficulty, however; is likely to be exper- 
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ienced with the squirrel cage type of motor, if called upon to 
start the rolls when full of material and with the feed open, as 
even under these conditions the starting requirement is not 
severe. 
INTERMEDIATE CRUSHERS 

Hammer Mills. These machines are made in several styles 
but all make use of the same principle, namely, the use of ham- 
mers revolving at high speed and abrading the material against 
a slotted iron casing. Unlike the crushing rolls, where a reduc- 
tion not exceeding 4 to 1 is most favorable, the hammer mill is 
used for reducing material of from 21% to 1 in. to 20 mesh or less, 
the maximum reduction in this case being 76 to 1. As the 
power required to drive this type of mill varies considerably, 
due to irregularity in feed, it is most important that this remain 
steady and therefore a feed regulator is highly desirable. In 
addition to this, any variation in the size and hardness of ma- 
terial, provided the feed remains fairly constant, will also cause 
power fluctuations which will however be within reasonable 
limits. 

There is very little general power data available on hammer 
mills other than for a specific manufacturer’s type, trade size 
and specific speed or speeds. The latter are supposed to be 
the most efficient speed at which the particular mill should oper- 
ate. А general rule gained by experience indicates that in order 
to crush one ton of dry limestone in one hour, reducing from a 
maximum size of 2)4 in. to 20 mesh, requires six to seven horse 
power. This would be the output of a motor and would include 
the friction load, in addition to the crushing load, of the mill. 
The actual capacity of any mill is proportional to the size of the 
product and to some extent to the character of the feed so that 
for different sizes of product on any given mill, the power re- 
quirements will be different. 

Sturtevant Hammer Mills are of two types known respectively 
as hinged hammer and hammer bar mills. The hinged hammer 
mills are of the general type noted above under this class. The 
bar hammer mill differs in that there is only one set of hammers 
instead of six or more and the hammers themselves have an 
axial length the full width of the rotating spider which carries 
them. Both mills take material in pieces from 5 to 6 in. wide. 
The hinged hammer mill reduces from one inch to 20 mesh 
and finer. It is built in three sizes and operates at a speed of 
1000 to 1500 rev. per min. The hammer bar mill is built in two 
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sizes and reduces from 14 in. to 20 mesh. A belted wound-rotor 
motor is the preferred application. Squirrel-cage motors have, 
however, proved satisfactory, particularly if used when line 
disturbances at starting are not objectionable. In any case, 
if a mill is shut down it will have to be clear of material before 
started again. 

Hammer bar mills are made in two sizes, No. 0 and No. 1. 
The No. 0 mill will handle from 1% to 4 tons per hour, depending 
on material, and requires from 8 to 10 h. p. The No. 1 handles 
from 4 to 12 tons per hour and takes 20 to 25 h. p. 

Hinged hammer mills are made in three sizes 30 by 12 in., 
30 by 18 in. and 30 x 24 іп. The power varies widely with the 
material. The 30 x 12-in. machine, for example, might take 
a maximum of 30 h. p. or a minimum of 10 h. p. The wider 
machines take increased power in proportion to the width. 


TABLE 3 


Power Requirements of Hammer Mills. 
(Allis- Chalmers) 


Trade size Rev. per min. Hammer circle Face H. p. 


The above requirements are based on crushing dry limestone, 
reducing from a maximum size of 214 in. to 20 mesh with a con- 
stant feed of material best suited to the particular mill. 

Williams’ Jumbo Crusher. The machine of this make used 
for intermediate crushing is usually the No. 6 size. It takes 
stone three inches in size and under and reduces it to 14 inch and 
finer. The capacity is 60 to 65 tons per hour, and the motor 
requires 150 h. p. The mill operates at from 720 to 750 rev. 
per min. It prepares material for some one of the various finish- 
ing mills. 

Vulcanite Crushers. (Williams). The Vulcanite crushers are 
also swing hammer mills. They are built in eight sizes having 
capacities from two tons per hour at 14-inch size up to 50 tons 
per hour at %-іпсһ size. The standard unit generally employed 
for cement work is No. 3. This takes material up to three 
inches and reduces it to 14-inch for feeding ring roll mills. It 
handles 15 to 18 tons per hour, operates at a speed of 1000 rev. 
per min. and requires 50 h. p. 
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Universal Grinder (Williams). This is termed a tube mill 
feeder as it will take limestone 216 inches and under after passing 
through the dryers and reduce it to a product, 95 per cent of 
which will pass a 20 mesh sieve. These are built in ten sizes, 
the two most commonly used in cement plants being the No. 3 
and the No. 9. The No. 3 handles from 8 to 10 tons per hour 
under the above conditions, requires from 50 to 60 h. p., and should 
operate at a speed of 1100 rev. per min. The No. 9 size, used 
in plants requiring very large units, handles from 25 to 30 tons 
per hour, requires 175 to 200 h. p., and operates at a speed of 
720 rev. per min. Wound rotor induction motors are the best 
application on all three mills. The preferred method of drive 
is by motor direct connected through a flexible coupling. 

Sturtevant Rotary Crushers. This type of rotary crusher 
operates on the principle of the old fashioned coffee mill. It 


TABLE 4. 
Power Requirements of Rotary Crushers. 


Approx. capacity 


Machine size in tons per hour Rev. per min. Approx. h. p. 
00 lto 1% 300 1 to 2 
0 % to 2 ` 250 3to 4 
1 1 to 6 300 6 to 10 
1% 4 to10 200 15 
2 8 1015 250 15 to 20 


is shaped like an hour-glass or double cone, one cone mounted 
and reversed on the other. The coarse material is introduced 
at the top and is acted upon by a rotating cylindrical member 
which exerts a continual nipping action on the rock since the 
diameter of the stationary cone decreases as the material falls 
toward the center. Below the center the material is ground or 
shredded by the usual mill stone action. The lower portion of 
the rotating member is cone-shaped and so arranged as to leave 
a tapering annular space decreasing in size toward the bottom. 
As the material proceeds by gravity toward the bottom, it is 
ground and reduced in the annular space by the action of the 
rotating cone against the stationary one. Both these members 
are faced with hardened steel burrs or grinding members. These 
crushers are intended for moderately hard or soft rocks but are 
not used for hard cutting substances. They crush large rocks 
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to approximately Уз inch without screens іп the smallest sizes 
and as coarse as 1 inch in other sizes. Their sizes, outputs and 
power requirements are as shown in Table 4. 

А wound-rotor induction motor is the preferred application 
for these crushers but a squirrel-cage motor can handle them if 
designed with considerable margin in starting torque. 


Rotary DRYERS 


Dryers are used to dry the crushed limestone which contains 
a considerable amount of moisture that must be driven out 
before the grinding operation can be performed. They are also 
used for the same reason, for drying the clay and coal. The 
dryer consists of a large revolving cylinder which is sufficiently 
inclined to roll the contents through by gravity. It is heated 
either by oil, natural gas, or by the waste gases taken from the 
kilns. | 

Auxiliary machinery necessary for the dryer, are fans and 
conveyers, and usually this auxiliary machinery is considered 
as integral parts of the dryer, and is driven by the same motor. 
For a fixed rate of feed the load is constant and as a rule the 
dryers are operated at a given predetermined speed; therefore, 
squirrel-cage motors are satisfactory for this kind of service. 
Squirrel-cage motors with 125 per cent to 175 per cent starting 
torque, are suitable. 

Approximate Horse Power requirements are as follows: 


Size of dryer Horse Power Recommended speed of motor. 
6ft. x 60ft. . 12 700 to 1200 
614 ft. x 60 ft. 15 700 to 1200 


On some particular installations, the following was found. 
A dryer 6 ft. in diameter 45 ft. length, 9 rev. per min., con- 
nected to a 24-in. x 50-ft. horizontal pan conveyer and to a 
14 in. x 35-ft. bucket elevator, required a 30 h. p. motor. А 
7-ft. x 60-ft. dryer for rock crusher, connected to a 20 in. x 45-ft. 
inclined conveyer, and 16 in. x 40-ft. elevator, required 40 h. p. 

Ordinarily, dryers of 5-ft. diameter and 50- to 60-ft. length, 
revolving at 3 to 5 rev. per min., were found to require between 
10 and 20 h. p. 


PRELIMINARY GRINDING MACHINERY 
Ball Mills. The ball mill consists principally of a revolving 
horizontal cylinder lined with overlapping iron plates and con- 
taining a charge of steel balls. For the first charge, balls of 


1260 WILLIAMSON: MOTORS IN CEMENT INDUSTRY [Nov.8 


3l$, 4 and 5 inches diameter are supplied, but under running 
conditions only the largest size are added from time to time to 
maintain the charge. These mills will take material up to 6 
inches іп size. The material as ground falls through perforations 
in the iron plates to the cylindrical screen or hopper which 
surrounds the mill, and the oversize rock falls back through the 
same perforations to the grinding plates. The fine product is 
removed by a conveyer below the machine and is generally of 
such fineness that all will pass a 20 to 30 mesh. When pulveriz- 
ing to pass all through a 20 mesh, from 30 to 40 per cent will 
pass a 100 mesh sieve. 

Ball mills are low-speed machines generally running from 20 
to 25 rev. per min. The charge of balls revolving at this speed 
causes very severe vibration in the gearing, and motors geared 


TABLE 5. 
Power Requirements of Ball Mills. 


Weight of Capacity on H. p. 
Make charge cement clinker req'd. 
lb. bbl. per hr. 
Gates Мо. разума iex WR 3,000 12-16 30- 40 
< E. ЖЕУГЕ ТЕРИ . 4,500 18-24 40- 50 
Smidth (Kominuter) No. 53-%..... 300 |  ..... 30 
Кк. е P: i pss 6,600 | `  ..... 75 
g : “ 88........ қалған di ех 100 
Krupp No.7 .................... 3,520 12-16 30- 35 
5 Ви оа 4,400 16-22 35- 45 
Chalmers & Williams.............. 10,000 60-70 100-125 


to their countershaft have proved unsatisfactory. Belted 
motors or low-speed motors for direct connection to the counter- 
shaft through flexible couplings give entire satisfaction. When 
starting, the charge of balls and stone must be rotated through 
nearly 90 deg. before it begins to roll, and the motor torque 
required at starting varies from 134 to 2 times full-load torque. 
Squirrel-cage a-c. motors specially designed for this high starting 
torque have been successfully applied but they have a lower 
efficiency than wound-rotor motors and make a large current 
demand at starting. The same starting conditions are found 
in tube mills and as the size of these has steadily increased of 
late years, and as the power required has also increased with the 
use of metallic grinding bodies in the mills, there has been a 
gradual change to the use of wound-rotor motors in place of the 
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high-torque squirrel-cage motor. Many of the latest mills are 
using wound-rotor motors for these grinders of large capacity 
and the saving in power due to increased efficiency, together 
with better performance at starting, warrants their use in pref- 
erence to the squirrel-cage type. Table 5 indicates the power 
requirement for a few typical ball mills. 

Hammer Mills. These mills which have been described above 
are used for preliminary grinding as well as for crushing. 


RiNc-Rorr MILLS 


There are a number of different mills that may be classed 
generally as ring-roH. In these, the material is crushed by 
means of a ring or large balls rolling inside and against the ring 
or die. In some types this ring rolls also. "There is enough 
difference in mechanical construction to require a brief explana- 
tion of each mill. Under this general type are classified the 
Kent mill, Griffin mill, Fuller mill, Bonnot mill, Raymond mill, 
Sturtevant Ring-Roll mill, Huntington mill and others. 

These different types of mills are used in many combinations 
depending on the material and the locality in which they are 
employed. Ап analysis of about fifteen mills shows that ball 
mills are widely used as intermediate grinders taking material 
from the crushers оп the raw side and the kilns on the clinker 
side and reducing it to a suitable fineness for feeding tube mills. 
In another combination the ball mills are replaced by ring-roll 
mills. Another combination uses hammer-mills to reduce the 
material to 4 inch and smaller, after which it is crushed in 
ring-roll mills. In other plants the entire operation of grinding 
the clinker in the finishing mill 1s performed by ring-roll mills. 

Fuller Mill. Three sizes of this mill are manufactured— 
33-inch, 42-inch and 57-inch. The smallest mill is best adapted 
for use on coal or similar materials while the two larger machines 
are adapted either to coal or harder material such as limestone, 
rock or cement clinker. This mill accomplishes both inter- 
mediate and fine grinding in one operation. It takes material 
up to 34 inch in size and reduces it to a fineness of 85 рег cent 
through a 200 mesh sieve. The mill is vertical in construction 
and the grinding is done by four chilled unattached balls rolling 
against a circular horizontal die. The balls are propelled by 
four equi-distant horizontal arms or pushers radiating from the 
vertical shaft. The shaft 1s driven at such a speed as to cause 
the balls to exert a pressure against the die of approximately 
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1600 pounds. The material is fed in at the top of the mill by a 
screw and enters the pulverizing zone. By means of fans and 
screws the material is removed as soon as it has reached the 
proper degree offineness. "Thedriving pulley is mounted at the 
bottom. Squirrel-cage induction motors are used very satis- 
factorily to drive these mills through belts running in a vertical 
plane. Special vertical motors have been developed for this 
application. 

The output of these mills and the power required to operate 
them depends upon the weight and hardness of the material 
being pulverized and the fineness of finished product desired. 
On the 33-in. mill the output will vary from two tons per hour 
when grinding hard material, to four tons per hour when grinding 
soft material. The power will approximate 45 h. p. for hard 
material and 25 h. p. for soft material. The above figures are 
based on grinding to 100 mesh. On the 42-inch mill the output 
will vary from 4 to 10 tons per hour from hard to soft material, 
and the horse power will vary from 75 to 45 when grinding to 
100 mesh. 

The 57-inch mill when grinding raw cement material consisting 
of limestone and shale or clay or cement rock has a capacity of 
from 9 to 12 tons per hour and requires from 110 to 125 h. p. 
The same mill when pulverizing cement clinkers has a capacity 
of from 500 to 600 barrels per day and requires from 135 to 150 
h. p. The performance of the 57-inch mill is based on grinding 
to 85 per cent through a 200 mesh sieve. 

It should be borne in mind that the power required for the 
different machines as given in this paper represent average 
performances. It is possible under certain conditions to crowd 
all these machines thereby increasing their output and also 
increasing the power consumed so that specific instances are no 
doubt known to all engineers interested where the figures are 
somewhat higher than here given. These are matters that take 
care of themselves in practise. 

Kent Mill. The Kent mill consists principally of a revolving 
ring and three rolls pressing against its inner face. The rolls 
are convex and the ring is concave and tracks on the rolls. 
Springs support the rolls yieldingly and the rolls support the 
ring so that the four crushing parts are free to move. The 
material falls from the inlets onto the inner face of the ring, and 
centrifugal force holds it there in a laver an inch deep as it 
passes under the rolls. The latter are pressed by the springs 
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outwardly against the rock or the ring with a pressure adjustable 
to 20,000 pounds, the adjustment being accomplished by means 
of the screws against the springs. As the rolls pass over the 
rock they crush it against the ring, while the crushed rock falls 
off each side of the ring into thecasing and then into the discharge. 
It is claimed that 90 per cent of the rock is abraded on itself in 
crushing so that the wear on the parts of the machine is mater- 
ially decreased. 

The torque required to start this mill does not exceed full-load 
torque, since the moving parts are comparatively light and there 
is only a small amount of rock in the machine at a time. The 
pull-out torque of the motor supplied should be comparatively 
high as large pieces of rock passing between the rolls and ring 
will cause severe momentary overloads. 

In order to obtain a fine and uniform product, the ground 
material is usually elevated from the discharge to a screen or 
separator above the mill and the oversize is returned to the feed. 
The elevator and separator will add from 715 to 10 h. p. to the 
figures given below for the mill alone. "The feed should prefer- 
ably pass through a one-inch ring but anything up to two inches 
can be handled. The finished product will all pass a 20 mesh. 

These mills are made in three sizes known as the Kent mill, 
the “Махесоп” and the “Big Maxecon” mill. Their capacity 
depends on the hardness of the material and the fineness to 
which it is ground. Round approximations might be 25 barrels 
per hour for the Kent, 35 for Maxecon and 50 for Big Maxecon. 
These mills operate at 200 rev. per min. and the usual sizes of 
motors are 30, 40 and 50 h. p. for the Kent, Maxecon and Big 
Maxecon respectively. When grinding clinker one h. p. per 
barrel is the average power consumption to pass 20 mesh; also 
the product will approximate 50 per cent through 100 mesh and 
35 per cent through 200 mesh. 

Raw rock varies so in hardness that capacities range from 7 
to 16 tons per hour, and power estimates from five h. p. per ton 
for the hardest to three h. p. for the softest. 

Sturtevant Ring-Roll Mill. This ring-roll pulverizer consists 
of a steel anvil ring or die secured in a head supported and re- 
volved by a horizontal shaft. Against the inner face of this 
ring the three hammer rolls are equally and elastically pressed 
with great force and revolved by the ring. Substances to be 
ground are fed to the anvil face of the rotating ring and held 
thereto by centrifugal force and are crushed by being drawn 
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under the rolls, as the ring revolves. The face of the anvil ring 
is concave ánd the rolls convex, thereby crowding the material 
as it is finished to the outside edges of the ring. "These mills 
may be used with elevator and separator, thus securing very 
uniform product. They take material up to 1!16-іпсһ size and 
reduce it to a fineness varying from 1% inch to 100 mesh or finer. 
They are usually employed as a preliminary pulverizer rather 
than a finishing mill for cement work. As is the case in mills of 
this type, the operation of crushing is largely performed by 
abrading the rock on itself so that the wear on the mill parts 1s 
reduced. These mills are made in five sizes; three sizes of 
single mills and two of duplex mills which are a double unit. 
Table 6 gives the sizes, horse power and speed. ‘Regarding the 
output, the manufacturers furnish this on request, since it varies 
widely with the nature and conditions of the material handled. 
As an illustration the following figures are cited for the No. 2 
duplex mill. Grinding cement clinker to 20 mesh, 80 to 100 
barrels per hour, and to 80 mesh 30 to 40 barrels per hour. 
Grinding limestone to 20 mesh 16 to 20 tons per hour and to 80 
mesh 8 to 14 tons per hour. 


TABLE 68. 
Power Requirements—Sturtevant Ring-roll Mills. 


Size Pulley speed Ring speed Approx. 
rev. per min. rev. per min. h. p. 

0 125 125 8 to 12 

1 320 80 15 to 20 

2 300 63 35 to 45 

No. 1 Duplex 375 80 ЗО to 40 
No. 2 Duplex 325 64 70 to 90 


The elevator and separator if used add about 8 h. p. per single 
mill. А squirrel-cage induction motor is the preferred type for 
these mills. 

Huntington Mill. This ring-roll mill is a vertical shaft 
machine with a horizontal spider from the rim of which are 
suspended four spindles. These spindles carry at their lower 
end a heavy horizontal crushing roll. The rotation of the main 
shaft causes these crushing spindles to swing out by centrifugal 
action and roll against a ring die. The material is fed against 
this die and crushed by the rolls. 

These mills are made in four sizes, but the largest size is 
suited only for wet grinding. Тһе other three sizes are 316 ft., 
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5 ft., and 6 ft. and require 5, 8, and 10 h. p. respectively. "This 
mill is a preliminary pulverizer and not a finishing mill. A 
belted squirrel-cage motor is a satisfactory application. 

Bonnot Mill. This ring-roll type of mill employs air ѕерага-. 
tion of the material. The driving shaft is horizontal and the 
grinding ring or die is held in a vertical plane in the main frame. 
The rolls are carried by a head or driver mounted on the main 
shaft and are free to be thrown outward by centrifugal force, 
thus furnishing the crushing pressure. The material thrown 
- upward into the screening chamber by the motion of the grinding 
parts is deflected against the screen by the blades of a fan. The 
coarse material strikes a baffle and falls fack into the grinding 
chamber while the fine material passes through a screen and 
drops through passages into the conveyer. The 36-inch size is 
used for cement; it operates at 180 rev. per min. and requires 
75 h. p. It takes pieces up to two-inch size and when working 
on clinker will handle 13 to 16 barrels per hour of which 96 per 
cent will pass 100 mesh and 77 per cent 200 mesh. It will be 
seen from this that it is a finishing mill as well as a preliminary 
grinder. When grinding raw material and fed through %- in 
grate it will handle 4 to 5 tons per hour, 97 per cent through 100 
mesh. А squirrel-cage a-c. motor 1s the preferred application. 

Grifin Mill. This mill employs in its construction the 
principle of a roll running against a ring or die. Power is re- 
ceived by a pulley running horizontally, from which, by means 
of a universal joint, a shaft 15 suspended in pendulum fashion. 
To the lower extremity of this shaft is rigidly secured the crush- 
ing roll which is thus free to swing in any direction within the 
case. The base or pan contains the ring against which the 
roll works and upon the inner surface of which the pulverizing 
is done. On the bottom of the roll are shoes for stirring up 
the material and throwing it against the ring, and above the 
roll are attached blowers for blowing the fine material through 
the screen which surrounds the base. When at rest the roll 
hangs vertically beneath the driving shaft, but when revolved 
it flies out to the die ring and travels around in a direction 
opposite to that of the driving pulley. There is a pressure 
of approximately 6000 lb. due to centrifugal force brought to 
bear on the material being pulverized between the roll and the 
die. These mills are manufactured in three forms known as 
the "Bradley Hercules," the "Bradley 3-КоП” and the “Giant 
Griffin" mill. The Bradley Hercules takes material two inches 
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and under and reduces it to a fineness of 53 per cent through 
a 100 mesh screen at the rate of from 40 to 50 tons per hour, 
using about 250 h. p. in the operation. When used as a pre- 
liminary grinder of cement clinker it has an output of from 
150 to 175 barrels per hour and requires 250 h. p. to drive. 

The Giant Griffin mill has an output when grinding clinker 
of from 25 to 30 barrels per hour to a fineness of 60 per cent 
through a 100 mesh screen. It takes material 34 inch and 
under for feed and when operating to full capacity requires 
about 80 h. p. This mill is a very efficient preliminary machine 
on account of the high percentage of fineness and has sometimes 
been used as a finishing mill. 

The 3-Roll mill in theory is similar to the Griffin, but em- 
ploys three rolls instead of one. А squirrel-cage a-c. motor 
is the preferred application for these mills except the Hercules 
which is better equipped with a phase-wound-rotor motor on 
account of the starting conditions on so large a unit. 

Raymond Mill This mil performs the operations of pre- 
liminary grinding and finishing in one process. "The grinding 
ring is mounted in a horizontal plane and the grinding is per- 
formed on its inner surface by means of rolls suspended from 
a rotating driving head or spider. There are two, three, four, 
or five of these rollers, depending on the size of the mill. A 
prominent feature of this mill is the system of air separation 
employed. When handling raw material the mill will handle 
about one ton per hour per roll, e. g., the 4-roll and 5-roll mills 
will handle four and five tons per hour respectively from a size 
of М inch to 1 16 inches to a fineness of 95 per cent to 98 per 
cent through a 100 mesh sieve. "There are six sizes in all called 
two-roller mill, three-roller mill, four-roller mill (low side or 
high side), and five-roller mill (low side or high side). The 
power consumption 1s given as follows: 

2 rolls, 45 to 50 h. p. 3 rolls, 55 to 60 h. p. 
4 и 75to 80 h.p. 5 4 85to 90h. р. 

The driving motor is belted. А squirrel-cage induction motor 
with good starting characteristics is the preferred application. 

Emerick Ball Pulverizer. This is a vertical mill and the crush- 
ing is done by four or five 12-inch or 14-inch steel balls which 
are unattached and roll in and against a grinding race. "These 
balls are driven by a head or spider which keeps them properly 
separated. The centrifugal force set up in the balls by the 
rotation of the driving head causes them to exert great pressure 
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against the grinding race, thereby crushing and abrading the 
material in the mill. The mill is arranged with five 12-inch, 
four 14-inch, or five 14-inch balls. "This mill may be used either 
as a preliminary grinder or as a finishing mill. When used as 
a finishing mill it is equipped with an air separator and will 
reduce from №5 inch and under to 95 per cent to 98 per cent 
through 100 mesh and 80 per cent to 90 per cent through 200 mesh. 
On raw material or coal it will handle six to eight tons per hour 
and clinker 12 to 20 barrels of finished cement per hour. The 
mill operates at 90 to 130 rev. per min. and requires 35 to 60 h. p. 
А belted squirrel-cage motor is the proper application either 
vertical or with a quarter turn belt. 

Symons Disk Crusher. This crusher is of a special type in 
which the crushing is done by two dish shaped disks mounted 
on horizontal shafts which are separate but one.of which gyrates 
slightly with respect to the other. The two disks are set with 
their concave sides facing each other and are rotatedin thesame 
direction at thesame speed. This results in the hollow between 
the two disks having a wider opening between their edges at one 
part of a revolution than on another. This progressive pinch- 
ing action admits a piece of coarse material at one side and as 
the disks rotate they approach one another thus crushing the 
material which is then thrown out through the opening between 
the edges of the disks if it 1s reduced to the proper fineness; if 
not, the process is repeated. 

А wide range of adjustment is provided by changing the 
distance between the crushing disks. These crushers are made 
in four sizes as given in Table 7. A squirrel-cage motor with 
a maximum starting torque of 1 16 to 1 34 full load torque is 
satisfactory on this application. 


TABLE 7 


Power Requirements of Disc Crushers. 


Size of crusher ............ 18 inch 24 inch 36 inch 48 inch 
Size of materialfed ........ 1% “ 213 " 3% “ 014 “ 
Size to which reduced....... 38 “ 4" Xx T 1 ч 
Tons per hour ............. Sto 8 12 to 15 25 to 30 45 to 60 
H. p. required... .......... 12 to 18 18 to 25 30 to 40 50 to t5 


Such material is too coarse to finish in tube mills, but could 
be handled by some of the types of ring roll finishing mills 
described in this paper. 
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FINISHING GRINDING MACHINERY 
TuBE Мил. 


For the fine grinding of limestone or clinker, the tube mill 
is used extensively, both wet and dry. The usual form is that 
of a rotating cylinder and the grinding is done by attrition or 
by the rubbing together of the grinding medium and the material 
to be ground. The mill is generally filled to about the center 
line, and the grinding medium, or charge, as it is usually called, 
consists of either flint pebbles, cast iron balls, or forged steel 
balls, etc., depending on the design of the mill and the compara- 


TABLE 8 
PLAIN TUBE MILLS WITH FLINT PEBBLES. 


Operating in Portland Cement Plants with 20 Mesh Feed and Grinding, to 95% through 
100 mesh and 80% through 200 mesh. 


Capacity on Capacity 
raw material on clinker Horse power 
Size - Initial 
of —— Dn [ —. n |К.Р.М.| charge 
Mill 2000-1Ъ. | 666 Ib. 380-1Ь. mill pebbles 
tons bbl. bbl. to to 
pei per per start run 


24 hr. 24 hr. 24 hr. 


a | ---—-_—_/г+--_-_-——-—-—-т=—-——_—-—-—-—-+--———-+—-#-:+_———— 


3 ft. біп. 120 to 

x 20 ft. 50 150 144 60 | 35to 40 | 40 9,800 
4 ft. біп 

х 20 ft. 64 192 192 70 |4548 | 35 11,600 
4 ft. 6 in 

x 22 ft. 80 240 240 85 | 55to 60 | 31 14,500 
5 ft. O in 

x 22 ft. 117 350 350 120 | 75to 80 | 28 20,000 
5 ft. 6 in i 

x 22 ft. 157 470 480 150 | 95to100 | 26 24,000 
6 ft. O in 

x 22 ft. 192 575 575 185 |115fto 125 24 29,000 
7 ft. O in 

x 22 ft. 280 840 815 250 1160 to 175 20 39.000 


The above figures are based on thétharge and material level being carried at the center 
line of the mill. 


tive costs of the various grinding mediums. There are several 
tvpes of tube mills in commercial use, designated as follows: 

1. The plain tube mill using flint pebbles as a grinding medium. 

2. The plain tube mill with ball-peb compartment. This 
type of mill has a partition located near the discharge end. The 
large compartment on the feed end is charged with flint pebbles, 
while the small compartment on the discharge end is charged 
with cast iron or forged steel balls. 

3. The ball-peb mill using cast iron or forged steel balls as 
a grinding medium. 


a 
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4. The combination or compeb mill with a partition located 
near the feed end. The small compartment of the feed end is 
charged with large cast iron or forged steel balls while the large 
compartment on the discharge end is charged with small cast 
iron or forged steel balls. 

The power requirements of these different types of mills vary 
not only with the size of the mill, but also with the nature and 
amount of the charge used. Once the mill is started, the load 
is practically constant and onlv slight pulsations in power can 
be noticed. The power required to drive these mills has been 
determined from actual tests and refers to dry grinding condi- 
tions only. For wet grinding the power required is approxi- 
mately 30 per cent less than for dry grinding, other conditions 
remaining the same. The power requirements for the four 
types of mills, as noted above, are as follows: 

1. The plain tube mill using flint pebbles—see Table 8. 

2. The plain tube mill with ball-peb compartment; add 20 
per cent to the power requirements of the plain tube mill using 
flint pebbles. 

3. The ball-peb mill; see Table 9. 

4. The combination or compeb mill; see Table 9. 

The most economical speed for any mill should be such that 
the bulk of the charge is carried to the highest possible point in 
the mill before falling and this without any of the charge or 
material being carried around by centrifugal force. This is 
approximately 

195 
Vd. 
where s =revolutions per minute. 
d — diameter of mill in inches, including the lining. 


On this basis of speed and for the dry grinding of limestone 
and clinker, the power required to drive any of these various 
tvpes of mills may be approximated by the following: 


e. 


Р = j [0.0034 (W + W.) | - + 0.00015 w | х = 


where Р = Horse power. 
W = Weight of charge of pebbles or balls in pounds. 
Wm = Weight of the material being ground in mill. 
w= Weight of revolving elements of the mill in 
pounds. 
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s = Theoretically correct speed in rev. per min. 
S = Actual speed of mill in rev. per min. 
К = Distance in feet from center of mill to center of 
gravity of mass W + Wm. 
fr = Distance in feet from center of mill to center of 
gravity of mass W + W,. Assuming mass 
comes to center line of mill, = 0.0177 d. 
When a metallic grinding medium is used 
Wm = 0.304 W. 
This is based on one cubic foot of charge and material weighing 
314 pounds and consisting of 280 pounds of charge and 34 pounds 
of material. Whena flint pebble medium is used W,, = 0.121 W. 
This 1s based on one cubic foot of charge and material weighing 
150 pounds and consisting of 115 pounds of charge and 35 pounds 
of material. In the above equation S should not vary more 
than 15 per cent above or below s. | 

For operating ball mills both squirrel-cage and wound-rotor 
type motors are used. The tendency is towards the larger sizes 
of mills with metallic grinding bodies thus requiring much 
larger motors than was common a few years ago. "These mills 
are rather difficult to start since in order to get them in motion 
the charge has to be lifted, and in the case of large squirrel-cage 
motors this causes a heavy current demand at low power factor 
even when special high-torque motors are provided. Also in 
the larger motors the higher efficiency of the wound-rotor type 
is ап item to be considered. Hence for the large mills wound 
rotor motors are to be preferred. 

The tendency is also towards lower speed motors geared tc 
the mills in place of the higher speed belt driven type previously 
used. In case of geared drive a flexible coupling should be 
provided on the motor as there 1s always considerable vibration 
present. The low-speed motor has the disadvantage of higher 
cost and lower power factor, but the saving in space, belting, 
etc. offsets these disadvantages to a large extent. 

There is a trend in some of the latest installations towards the 
use of synchronous motors for these mills especially where 
low-speed motors are used. In such applications it 1s necessary 
to provide a clutch so that the motor can be started light, but 
the well known advantages of the svnchronous motor are such 
that it is probable their use for grinding in cement plants will 
become much more common in the future than it has been 
heretofore. 


1272 WILLIAMSON: MOTORS IN CEMENT INDUSTRY [Nov.8 


Rotary KILNS 


For supplying rotary kilns powdered fuel is required in most 
cases and the crushing plant for this uses the same class of 
crushing and grinding machinery as has already been described 
for handling limestone and cement. 

The kiln itself is a long cylinder lined with fire brick, revolving 
on an inclined axis and fired from the lower end. The material 
is introduced at the upper end and works its way through the 
kiln in from one to two hours. A speed variation is necessary 
on the kiln. Therefore either a squirrel-cage motor with speed 
change gearing or a wound-rotor motor with resistance con- 
troller is required; the latter is preferred. The controller should 
be such as to permit 50 per cent speed reduction on full load 
torque. Since the kiln radiates a large amount of heat it is 
preferable to place the motor below the floor or to install it in 


TABLE 10 
Power Requirements of Rotary Kilns. 


Size of kiln Rev. per min. H. p. 
6 х 60 ft. 1 to3 5to 7 
т X 80% "1 #02 8 to 12 
74 X100 " 34 to 1-14 12 to 18 
8 x120 “ 1; to 1 15 to 20 
9 x150“ 3/8 to X 22 to 30 
10 170 “ kto h 30 to 40 


such manner as to protect it as far as possible from the heat 
radiation of the kiln. For the same reason motors selected for 
this work must be liberally rated and have low temperature rise. 

Kilns vary in size from 6 ft. 6 in. diameter by 100 ft. length 
to 10 ft. 6 in. by 200 ft. and revolve at speeds ranging from 3 to 
16 теу. per min. . They require from 10 to 30 h. p. The load is 
very steady and the horse power requirements are nearly pro- 
portional to the speed of the kiln, to the square of the diameter, 
and to the length. Approximately 125 to 175 per cent starting 
torque is required. 

Table 10 gives approximate power requirements of rotary 
kilns. The power requirement varies with the speed as shown 
in the last two columns and the rating of the motor, on account 
of the severe operating conditions, should be twice the lower 
value there given. In selecting the resistance for controlling 
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the speed, care must be taken to have it proportioned so as to 
be capable of reducing the speed to one half when the load is 


that actually required to drive the kiln at half speed. 
After the material has passed through the kilns it is ground 


in the finishing mills. For this work the same class of grinding 
and conveying machinery is employed as that previously des- 
cribed. 
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110,000-VOLT TRANSMISSION LINE OVER THE ST. 
LAWRENCE[ RIVER 


BY S. SVENNINGSON 


ABSTRACT OF PAPER 


The paper deals with some remarkable construction recently 
completed by the Shawinigan Water & Power Company near 
Three Rivers, Quebec. The St. Lawrence river is crossed by 
transmission line wires on a span of 4800 feet, being the longest 
span in the world. Due to necessities of navigation clearance, 
the towers are 350 feet high. 

The preliminary investigation leading to the adoption of this 
construction is outlined, and a general description 15 given of 
the design and construction of the towers, insulators and cables. 
The provisions for protection from ice and the method of sag 
calculations are also given. 


HE Shawinigan Water & Power Company has for a number 
of years been transmitting power from the generating 
plants at Shawinigan Falls located north of the St. Lawrence 
River about 20 miles (32 km.) from Three Rivers, to the towns 
on the south side of the St. Lawrence River, one branch running 
to Sherbrooke and supplving various towns and industries 
between, the other branch feeding the asbestos mines and other 
industries in the Thetford district. The current is transmitted 
at 50,000 volts from Shawinigan Falls to the St. Lawrence, 
where the voltage is stepped down to 25,000 for transmission 
across the river over the submarine cable, then stepped up to 
90,000 volts and transmitted at this voltage to Thetford and 
Sherbrooke. 

At the time the submarine cables were installed, the alterna- 
tive of putting in an overhead crossing was considered, but the 
amount of power to-be transmitted at that time was so small 
that it was decided that the expense of an overhead crossing 
was not warranted. However, the demand for power on the 
south shore steadily increased, until by the beginning of 1916, 
five submarine cables were in operation, two three-phase and 
three single-phase, and the capacity of the transformer house, 
10,000 kw., had been reached. 

Submarine cables have always been a weak point in this part 
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of the system and a source of more or less trouble and expense. 
The current in the river carries them down stream and 1$ some- 
times strong enough to pull them apart. In the winter the ice 
has often put them out of commission, and it has been found 
necessary at times to erect temporary pole lines across the ice 
to maintain the service to the south shore. When, therefore, 
in the Fall of 1916, the demand came for more power for the 
south shore, partly for war work, and it became a question of 
putting in an additional submarine or an overhead crossing, the 
Company decided in favor of the latter. 

The construction of an additional submarine crossing would 
have involved an expenditure of about $150,000 for the purchase 
and installation of the cables, additional transformers, about 
4000 kw. capacity, together with their switches, lightning 
arresters, etc. and the necessary extension of the transformer 
houses. Besides this, the weak point in the line would not 
have been improved. 

The overhead crossing was estimated to cost $200,000 the 
difference between the two being offset, in the opinion of the 
company, by the elimination of the weak link, in obtaining greater 
security from interruptions to the service, and a gain of from 
2 per cent to 3 per cent in regulation by cutting out the trans- 
formers together with the elimination of a considerable amount 
of operating and maintenance expense. The transformers and 
other equipment were needed and could be used to advantage 
in other parts of the system. 


PRELIMINARY INVESTIGATION 


The two shores of the St. Lawrence River upstream, as well 
as downstream of the cable houses were carefully surveyed in 
order to find the most advantageous point of crossing. As a 
result of this preliminary survey it was finally decided to investi- 
gate in detail two alternatives: 

a. A three-span crossing at Point-du- Lat, each span approxi- 
mately 2200 ft. (670 m.) long. 

b. A single-span crossing between the cable houses 4800 ft. 
(1463 m.) long. 

From a construction point of view the site at Point-du-Lac, 
about six miles (9.6 km.) up the river from the cable crossing 
appeared at first to be very favorable for an overhead crossing. 
The St. Lawrence at this point is about 7000 ft. (2133 m.) wide, 
but as the water is very shallow, except for a distance of 2000 ft. 
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(609 m.) in the center, a crossing could have been built using 
three spans of approximately 2200 ft. (670 m.) each. The 
towers on either side of the main channel would have been 
about 205 ft. (62.4 m.) high, while the other two towers would 
have been about 110 ft. (33.5 m.) high. Although this alterna- 
tive probably would have been somewhat cheaper, 2. e. the cost 
of the crossing itself, it would have necessitated the building of 
about 15 miles (24 km.) of double-circuit high-tension pole lines 
in order to connect up with the main transmission lines. "This 
additional cost would have brought the total cost approximately 
up to that of the single-span scheme. А fairly strong point 
against the three-span crossing was the inaccessibility of the 
towers during certain periods in the spring and fall when the 
river is full of floating ice. The single-span scheme was finally 
decided on as being the most advantageous, although it was 
fully realized that there were many difficult problems to solve 
in connection with the design and construction. 


GENERAL DESCRIPTION 


The crossing as completed consists of a central span 4801 ft. 
(1463 m.) long and two anchor spans, the north shore span 571 
ft. (174 m.) long and the south shore span 951 ft. (289.8 m.) long. 

There are two towers 350 ft. (106.6 m.) high and 600 ft. 
(18.2 m.) square at the base, the upstream and downstream 
faces tapering to a width of 14 ft. (4.2 т.) atthetop. Across- 
arm at the top, 14 ft. (4.2m.) wide by 100 ft. (30.4 m.) long, 
carries three double-groove sheaves 8 ft. (2.4 m.) in diameter 
and 50 ft. (15.2 m.) apart, over which the anchor cables pass. 
The tower foundation is made up of four circular reinforced 
concrete piers 11 ft. (3.3 m.) in diameter placed on the corners of 
a 60-ft. (18.2-m.) square. These piers are connected by heavily 
reinforced concrete beams 4 ft. (1.2 m.) wide by 8 ft. (2.4 m.) 
deep. 

Three lines of cable 50 ft. (15.2 m.) apart span the river 
between the two towers. The cables are 1 3% in. (34.9 mm.) in 
diameter made of galvanized plough steel. They are composed 
of six strands of 19 wires each and a stranded core of 30 wires. 
To each end of the center span cables is yoked two anchor span 
cables. These are carried over the tower on the 8-ft. (2.4-m.) 
diameter sheaves and then down to a point about 20 ft. (6 m.) 
from the anchors. At this point equalizing beams are cut in 
the lines and the load is transmitted from this point to the 
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anchor piers by means of short straps of 1 34-in. (44.4-mm.) 
diameter cable. The cables are gripped at the end by means of 
heavy steel bridge sockets in accordance with the usual practise 
for suspension bridge cables and other structures of this type. 

It was originally intended to use the main cables as conductors 
and to insulate them from the tower by specially designed 
insulators. Unfortunately these insulators were not completed 
in time for erection, and for the present the main cables are 
used as messengers from which No. 1/0 stranded copper con- 
ductors are suspended. These suspended lines are supported 
every 250 ft. (76.2 m.) by suspension insulators of eight units 
to a string. 

The anchor piers are large mass concrete “dead men," each 
anchor being designed to take the full overturn:ng moment when 
submerged. | 

FOUNDATIONS 

During February 1917 a number of borings were taken 
about the site of the towers to determine the nature of the 
river bottom. These borings penetrated to a depth of 100 ft. 
(30.4 m. ), and we found that the foundation on which we would 
have to build our towers consisted for the full depth of these 
borings of very fine white sand with occasional strata in which 
a little clay was mixed with thesand. The difficulty of obtaining 
a secure pile foundation in this kind of soil and the uncertainty 
as well as the cost of placing a mat foundation in the dry, led 
us to adopt the form of pier foundation which we used. 

The piers were constructed in the form of hollow cylinders 
of reinforced concrete with an outside diameter of 11 ft. (3.3 m.) 
and an inside diameter of 7 ft. (2.1 m.). These cylinders or 
caissons were poured in 6-ft. (1.8-m.) lifts, the first lift tapering 
on the inside towards the bottom to a diameter of 10 ft. (3 m.) 
and being shod with a 6 by 6-in. (15.2-cm.) angle cutting edge. 
This lift was poured on the working platform and lowered into 
the water by means of four two-in. (5-cm.) screws. "The second 
lift was then poured and after the concrete had set, the bottom 
was excavated by means of an orange peel bucket rigged up on 
a derrick. As the caissons gradually settled successive lifts 
were poured until they had penetrated the bottom to a depth 
of about 40 ft. (12.1 m.). 

Little trouble was experienced on the north side, but on the 
south side we encountered large numbers of boulders, some of 
which were so large that they could not be picked up by the 
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bucket, so that we had to drill and shoot them. In order to 
do this the caissons had to be unwatered, a tedious process which 
delayed the work considerably. "When a caisson had reached its 
penetration of 40 ft. (12.1 m.), a plug of rich concrete was 
poured in the conical section at the bottom and the inside was 
then filled with mass concrete. The four piers forming one 
foundation were finally connected by reinforced concrete beams. 

This work was begun early in the year and we expected to 
have it finished by mid summer, but high water, high winds, 
rain and labor troubles delayed us so much that it was not 
completed until about the middle of September. 


CABLES 


The cables are 1 % in. (34.9 mm.) in diameter, of galvanized 
plough steel, made up of six strands of 19 wires, each and a 
stranded steel core of 30 wires. Tests made at McGill Univer- 
sity showed that the wires had an average yield point of 221,000 
lb. (100.243 kg.) per square inch, and an average breaking 
load of 258,000 1b. (117,026 kg.) per square inch. (6.45 sq. cm.). 

The completed cable was tested, the yield point being found 
to be 158,500 lb. (71,903 kg.) and the ultimate strength 186,400 
Ib. (84,449 kg.) or 193,000 lb. (87,548 kg.) per square inch, 
(6.45 sq. cm.) and 227,000 lb. (102,965 kg.) per square inch 
respectively. 

The test of the completed cable, indicated a modulus of elastic- 
ity of 7,250,000 1b.(3,288,545 kg.) ог 8,800,000 Ib. (3,991,613 kg.) 
per square inch. We were in doubt as to the correctness of 
our test in this regard on account of the fact that the usually 
accepted value for the modulus for stranded steel cables 18 
about 21,000,000 lb. (9,525,441 kg.) per square inch. However, 
the behavior of the cable during erection bore out the results 
of the test. 

The bridge sockets used for connecting the cables were ma- 
chined out of solid blocks of steel so as to allow a grip of nine 
in. (22.8 cm.) on the cable. The cable was passed through 
a tapered hole in the center of the bridge socket and broomed 
out on the end for a length of 15 to 18 in. (38.1 to 45.7 cm.). 
The wires were then cleaned with gasoline and held in place 
by means of а templet made of 14 in. (3.1 mm.) steel plate 
which fitted over the back of the bridge socket. The bridge 
socket was suspended bottom up and heated by gasoline torches 
for about half an hour, when spelter was poured into the conical 
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hole through a one in. (25.4 mm.) diameter hole in the center 
of the templet. After being allowed to cool, the ends of the 
wires projecting from the templet were cut off and the templet 
was removed. 

Before adopting this form of connection, tests were run under 
our direction at McGill University to determine the depth of 
socket required. We found that if the spelter was heated to 
just the right temperature, i.e., just hot enough to ignite a 
sliver of wood thrust into it, that the full breaking strength of 
the wire was, in the majority of cases, developed in a length 
of six in. (15.2 cm.). 

Shortly after the bridge sockets were poured it was found 
necessary to shorten two of the cables and the speltered end 
was cut off. We had one of these cones of spelter cut in the 
machine shop and found that the spelter adhered so firmly to 
the wires that the section could be machined without lifting the 
wires out. 

INSULATORS 

The insulators which we propose using eventually in the 
steel line were devised by our engineering department in con- 
junction with that of the Canadian Porcelain Company. They 
consist of a large ring-girder and two spiders. 

The ring-girder is eight ft. (2.4 m.) in diameter and made 
up of two nine in. (22.8 cm.) channels 12 in. (30 cm.) apart, 
with $4 in. (9.5-mm.) cover plates. The upper spider is 
connected to the ring-girder by means of three 2 16 in. (6.2 cm.) 
bolts 10 ft. (3 m.) long, one at the end of each spider arm. The 
center spider is supported on the ring-girder by six porcelain 
insulators of eight skirts each, two insulators at the end of each 
spider arm. The clear distance between the spiders is about 
36 in. (91 cm). 

The porcelain insulators used are special compression insula- 
tors having a tested breaking strength of 60 tons each, this 
is about four times the estimated maximum load. Electrical 
tests showed a dry flashover of 302,000 volts and a wet flashover 
of 262,000 volts. 

The completed insulator has a net weight of about six tons. 


ERECTING CABLES 
Owing to a constant succession of delays that occurred in the 
construction of the foundations and the erection of the towers 
we had to abandon our original plan of stringing the cables in 
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the Fall of 1917 before the ice formed in the river and so decided 
to do this part of the work after the ice had become thick 
enough to support the weight of the heavy reels of cable. 

Throughout the heavy snows of January and February we 
managed by constant rolling and scraping to keep a road open 
between the two towers. Early in March the center span 
cables were laid out along this road. The anchor cables were 
then laid out, measured, and cut and their bridge sockets 
attached. | 

The three lines were erected one at a time, the middle line 
first and then the downstream and the upstream lines in suc- 
cession. The ends of the anchor cables were hoisted over the 
towers, the south shore cables made fast to the center span 
cable, drawn over the tower until the bridge sockets touched 
the main sheave, tied to the top of the tower and attached to 
the anchor pier. The north shore cables were next attached 
to the center cable, the suspension insulators and copper line 
fastened to this and the cable hoisted into place. 

The hoisting was done by a steam hoist braced against the 
center anchor pier. Two 5/g-in. (15.8-mm.) steel hoisting lines 
reeved through two pairs of three-sheave blocks were used 
to draw the end of the cable up to within 40 ft. (12.1 m.) of the 
anchor pier, the final 40 ft. being taken up by means of two ?/ ,-in. 
(19-mm.) steel cables reeved through two pairs of six-sheave 
blocks. 

The copper conductor in each line is supported by seventeen 
suspension insulators spaced about 250 ft. (76.2 m.) apart, 
the end insulators being about 400 ft. (121.9 m.) from the 
towers. The copper lines drop from the end insulators to strain 
insulators on the tower at the 150-ft. (45.7-m.) level, pass 
through the tower to the back where they are connected to 
another set of strain insulators. Оп the north side, the lines 
pass direct from the main tower to a transmission line tower 
on the shore, a distance of about 600 ft. (182.8 m.). On the 
south side a light structural steel truss, 50 ft. (15.2 m.) long, 
hung from two sets of the anchor cables, provides an inter- 
mediate point of suspension, forming two spans of 500 ft. 
(152.4 m.) each. Access to the insulators attached to the 
truss is provided bv a walkway running up from the anchor 
pier and suspended from the anchor cables. | 

After the cables were erected we noticed an almost constant 
vibration in them, varying in intensity and somewhat similar 
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to that in a violin string, with definite nodes 12 to 15 ft. 
(3.6 to 4.5 m.) apart as nearly as could be judged. About a 
month after the line was put into service this vibration managed 
to shake loose the bolts connecting two of the suspension in- 
sulators to the cable and they dropped and hung suspended 
on the copper line. Two of the riggers volunteered to go out 
on the steel cable, fish up the insulators and attach them again. 
A trolley was rigged up and they had little difficulty in getting 
out to the point from which the insulators had fallen, about 
1000 ft. (304.8 m.) out from the tower. By means of a small 
tackle line they hauled the insulators back into place and started 
back towards the tower only to discover that the grade in 
the cable was so great that they could not pull themselves up. 
They solved the difficulty by looping the tackle line that they 
had with them over the steel cable and sliding down the 250 feet 
to a boat waiting below. А short time later an insulator on 
one of the other lines broke loose and it was similarly recon- 
nected. This time, however, we profited by our former exper- 
ience and provided a tail line by means of which the riggers 
were pulled back to the tower. Since then we have experienced 
no trouble from this source. 

The cables as originally strung allowed the following clear- 
ances between the copper conductors and the average water 
level during the season of navigation: 


Downstream 172.5 ft. (52.57 m.) 
Center 178.8 ft. (54.5 m.) 
Upstream 180.6 ft. (55.0 m.) 


The temperature at time of erection was about 20 deg. fahr. 
As there is a change in sag of approximately one ft. (30 cm.) for 
each 10 deg. change in temperature the above would correspond 
roughly to clearances at 110 deg. fahr. of 163%, 169.8, and 
171.6 ft. respectively. (49.83, 51.75 and 52.3 m.). 

At the time these cables were erected we naturally expected 
the sag to increase as the cables stretched under the load until 
the strands were drawn tightly together. There was no data 
avallable with regard to the amount of stretch to expect so that 
it was impossible to allow for this in sagging the cables. The 
hoist, therefore, was left in position so that we could pull up 
the cables when the sag became too great. 

In May of this year we found that the sag in the cables had 
increased by from 24 to 27 14 ft. (7.3 to 8.37 m.) and that in 
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order to obtain the necessary clearance over the channel we 
would have to take up 24 ft. (7.3 m.) in the sag of the down- 
stream cable and 13 and 14 ft. (3.9 and 4.2 m.) in that of 
the center and upstream cables respectively. The amount by 
which a cable is to be stretched in order to take up a given 
amount in the sag varies inversely as the modulus of elasticity 
of the cable. 

Owing to the low modulus which we worked out for the cable 
from results of the tests rade at McGill University we were 
in doubt as to the amount of take-up required. We found 
that in order to take up 24 ft.(7.3 m.) in the sag we would need 
to pull the downstream cable in between 7.2 and 10.4 ft. (2.19 
and 3.12 m. ) depending on the value of this modulus. This 
cable was taken in about 8 ft. (2.4 m.) with a consequent re- 
duction in the sag of about 25 ft. (7.6 m.). This corresponds 
to the result that would be obtained if the modulus of the 
cable were 17,000,000 lb. (7,711,071 kg.). In other words it 
would appear that from the time of the original sagging of the 
cable to the time the cable was resagged, the modulus of 
elasticity had increased from 7,250,000 lb. (8,188,245 kg.) to 
17,000,000 1b. (7,711,071 kg.). This change in modulus is no 
doubt due to the gradual stretching of the cable causing the 
wires and strands to draw more closely together under the 
constantly applied tension of the span. 


[се PROTECTION 


Ice conditions in £he St. Lawrence River at this point are 
at times very troublesome, and we considered it advisable to 
construct some kind of guard piers outside the towers, to ob- 
viate the possibility of damage from this source. During the 
winter we deposited about 3000 tons of field stone on the river 
bed on each side about 75 ft. (22.8 m.) from the up-stream and 
river faces of the towers, carrying the rock to an elevation about 
three ft. (0.91 m.) above the surface of the ice. Theice usually 
goes out about this level, but last year conditions were excep- 
tional, and before the ice moved it had risen above the tops of 
our ice breakers, and passed clear over them, piling up around the 
tower foundations to a height of 25 or 30 ft. (7.6 or 9.1 m). 
Fortunately no damage was done. We are at present com- 
pleting the guard piers, by means of reinforced concrete cribs 
filled with rock, and carried to about the level of the maximum 
recorded high water. 
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SAG CALCULATIONS 


In our calculations for sags, tension, length of cable etc., 
under various conditions, we used the parabolic formulas in 
preference to the hyperbolic formulas for the catenary on 
account of the greater simplicity of the former. Comparison 
was made however, between the two sets of formulas and we 
found, as we had expected, that at working tensions the difference 
was negligible. The formulas for the parabola gave us about 
six in. (15.2 cm.) more sag, and about one ft. (30.4 cm.) less 
length of cable than the catenary formulas for the same con- 
ditions of tension and temperature. 

The maximum load on the cable, we assumed to be 34 in. 
(19 mm.) of ice all round, and ten lb. (4.5 kg.) of wind per square 
foot (0.09 sq. m.) of projected area, for both the steel and copper 
lines, at a temperature of zero deg. fahr. Under these condi- 
tions the calculated tension in the cable is about 106,000 lb. 
(48,080 kg.), with a sag of 228 ft. (69.4 m.). The normal 
tension at summer temperatures is about 61,000 Ib. (27,669 kg.) ` 
with a sag of 185 ft. (56.38 m.). 


CONCLUSION 

In our design, we always kept in view the accessibility of 
various insulators and other working parts that are subject to 
break down. Automatic hoists have been provided in the 
towers, as well as ladders which run from top to bottom and 
provide access to the suspension insulators at various levels. 

The crossing has been in uninterrupted service now for about 
nine months, it has not yet weathered a winter with its low 
temperatures, gales and sleet storms, so that we still have 
something to learn about its action under these conditions, but 
as the allowable stresses have been kept within reasonable 
limits, we hardly expect serious trouble from this source. 
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ELECTRIFICATION OF THE MONTREAL TUNNEL 
ZONE 


BY WILLIAM G. GORDON 


ABSTRACT OF PAPER 


The author describes the electrification of the tunnel through 
Mt. Royal at Montreal which was built to give the Canadian 
Northern Railway entrance into the heart of the city. The tun- 
nel emerges from the mountain several feet above the level of the 
city and it is proposed to extend an elevated line at the same 
uniform grade to connect with the proposed viaduct on the lines 
of the Harbor Commission. Тһе tunnel 15 3. 1 miles long and the 
method of construction is described in detail. 

The power is purchased and delivered to a substation near the 
west portal of the tunnel. The equipment of the substation is 
described. At present there are six electric locomotives in 
operation having a one-hour rating of 1280 h.p., and it is proposed 
to add multiple unit motor cars for handling the local traffic. 
Details of the equipment and dimensions of both the locomotives 
and motor cars are given. 

The catenary system, which is described in detail, has a num- 
ber of unusual features due to special local conditions and the 
extremely low temperatures which sometimes prevail in Mon- 
treal. 


HE City of Montreal is divided into two principal levels; 
the commercial and financial quarter being on a plane 
only a few feet above high water, and the residential and shop- 
ping districts being at a height of about 75 ft. above the river. 
As the space between Mount Royal and the St. Lawrence River 
is limited, this district has become very congested. Business 
has largely forced the residence section up and down the River 
and around the mountain. The tunnel under Mount Royal 
was built with the idea of giving the Canadian Northern Rail- 
way, which property now belongs to the Dominion Government, 
an entrance into the heart of the City, and to render available a 
large area for residential purposes, only a few minutes by train 
from the main terminal. 

The location of the present terminal is about midway between 
the two levels and it is proposed to extend an elevated line, at 
the same uniform grade, which will connect up with the proposed 
viaduct on the lines of the Harbor Commission, thus giving 
~ Manuscript of this paper was received November 22, 1918. I 
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direct access to Trans-Atlantic steamers, and all the harbor 
facilities. 

The tunnel as built is 3.1 miles long and 1s the shortest line 
that can be devised to take advantage of the geological forma- 
tion. The tunnel has a uniform grade of 0.6 per cent toward 
the city to insure proper drainage. 

In order to meet the various phvsical conditions, different 
cross sections were used; where hard sound rock, unsound rock 
and soft ground were encountered respectively. 

The twin section type of tunnel was adopted for 

1. Economy in construction. 
2. Ease and economy in ventilation. 
3. Protection and safety in case of derailment or accident. 

In addition to working from both ends of the tunnel a shaft 
was sunk one mile from the West Portal at Maplewood Avenue. 

It is of interest to note that when the heading from the West 
Portal met that being driven from the Maplewood Avenue shaft, 
the lines checked within 1/16 in. on the alignment, and 14 in. in 
grade, and that where the headings from the Maplewood Avenue 
shaft and that from Dorchester Street met under the highest 
point of Mount Royal, the error was 34 in. in alignment, and 14 
in. in grade. 

The method employed in driving the tunnel was to drive a 
bottom center heading about 8 ft. high by 12 ft. wide, as this 
heading could be driven ahead rapidly without much regard to 
the character of the ground, and from which the full size excava- 
tion could be developed at as many places, simultaneously, as 
desired. 

Four drills were used in each heading, supported on a hori- 
zontal bar; the drills being operated by compressed air at a 
pressure of about 100 Ib. per sq. in. The break-ups, where the 
upper part of the tunncl section was excavated to its full width 
and height, were opened at intervals of from 500 ft. to 800 ft. 
along the center bottom heading, the practise being to open up as 
many of these as necessary to keep up with the heading progress. 

The compressed air used for operating the drills and other 
pneumatic machinery was obtained from two plants, one at each 
end of the tunnel, with an aggregate capacity of 11,000 cu.ft. 
of free air per minute, compressed to 110 lb. per sq. in. 

The muck from the tunnel was handled by two 10-ton and one 
8-ton trolley locomotives, and six 5-ton storage battery loco- 
motives. 
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The load curve was worked up from the following data: 


TRAIN WEIGHTS AND SPEEDS ASSUMED FOR MONTREAL TERMINAL 


ELECTRIFICATION 
Trailing Speed 0.6 per cent 
Class. tons. level. up-grade. Schedule. 

Transcontirental ............. 1130 37.0 26.5 21.2 
Express and local............. 550 37.5 27.1 21.6 
One motor coach............. 60 50.0 41.5 22.2 
Three motor coaches.......... 180 50.0 41.5 22.2 
Three motor coaches and two 

trail coaches ............... 260 47.8 34.8 21.8 
Freight... l ed ase Ur 1000 32.5 23.5 TON 


The substation is a handsome building, and will harmonize 
with the buildings which will be erected in the neighborhood. 

Power is purchased from the Montreal, Light, Heat & Power 
Company at 63 cycles, 11,000 volts, three-phase. It is delivered 
to the substation by a lead-covered, three-conductor cable 
carried in a duct through the tunnel and also by an overhead 
line to insure continuity of service. The general arrangement 
and capacity of the switching equipment provides for the later 
addition of a steam auxiliary plant at the Back River near the 
Cartierville Yards for extension of the electrification of the main 
line to Ottawa. 

There are two motor-generator sets with provision for a third, 
later. Each of these sets consists of a synchronous motor 
direct coupled to and on a common bedplate with two 750-kw., 
1200-volt, d-c. generators, the set running at 600 rev. per min. 
The generators are connected in series giving 1500 kw. at 2400 
volts per unit. | 

The sets have an overload capacity of 200 per cent for five 
minutes. The heavy overload capacity of these machines is 
obtained by the use of a pole-face winding.. This winding of 
tubes and rods through holes near the pole faces 15 so connected 
as to directly oppose the armature reaction, thus insuring satis- 
factory operation up to the heavy overload mentioned. The 
pole-face windings and the series and commutating field windings 
are all connected on the ground side of these machines. 

The shunt fields of the d-c. generators and the svnchronous 
motor fields are arranged for 125-volt excitation. Each of the 
synchronous motors is started by a three-phase, 11,000-volt 
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compensator. This auto-transformer has one coil per phase 
with suitable starting taps brought out. 

The three exciter sets each consist of a 50-kw., 125-volt d-c. 
generator driven by an induction motor. The generators are 
commutating pole type, flat compounded for the specified voltage 
and are especially adapted for exciter work and voltage regulator 
control. A bank of six 100-kw. single-phase transformers 
supply the induction motors of the exciter sets and miscellaneous 
station requirements. 

All oil switches on the 11,000-volt circuits, except the syn- 
chronous motor magnetizing and starting switches, are enclosed 
in masonry cells and have two breaks per pole, each break in a 
separate tank. These switches have a rupturing capacity of 
16,000 arc amperes at 11,000 volts. They are motor operated 
and will open automatically on overload, the incoming line 
switches excepted, either instantaneously or with a time-limit 
action, as desired. The incoming line switches operate auto- 
matically on the reversal of power only. 

The synchronous motor starting switches are remote-control, 
solenoid-operated, mounted in cells, and have a rupturing 
capacity of 2000 arc amperes at 11,000 volts. 

The main switchboard is of three-section panels of natural 
black slate, 90 in. high. The 2400-volt direct-current circuit 
breakers and lever switches are mounted on a panel back of and 
above the main switchboard. They are operated by insulated 
handles on the front of the main board so as to eliminate any 
possibility of the operator coming in contact with the 2400-volt 
circuit. 

The circuit breakers are mounted between fireproof barriers 
and are equipped with powerful magnetic blowouts. The field 
switches are mounted on a base back of the panels with the 
operating handles on the front of the main board. 

There are six locomotives in operation. Each locomotive has 
four axels with all the weight of the locomotive upon the eight 
driving wheels. The running gear consists of two four-wheel 
trucks, articulated with a heavy hinge. The equalization of the 
trucks is accomplished by a semi-elliptic leaf spring over each 
journal box, connected through spring hangers to the frame and 
to the equalizer bars. The equivalent of a three-point suspen- 
sion 15 thus obtained through the side equalization of one of the 
trucks and both side and cross equalization of the other truck. 

The friction draft gear 15 mounted in the end frame casting of 
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Fic.3— LOCOMOTIVE PULLING IN MESSENGER AND TAKING CURRENT FROM 
()РРОЅІТЕ TRACK 


Fic. 4—CONTROL APPRARATUS IN OPERATOR's CAB [GORDON] 
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the truck. "This type of construction restricts the hauling and 
buffing stresses to the truck side frames and articulated joint, 
thus relieving the cab and apparatus from the effects of severe 
shocks. The cab, which is of the box type, is divided into three 
compartments, the center compartment for the apparatus, and 
the two end compartments for the operator. Each operator's 
compartment is supplied with controller, control switches, 
ammeter, air brake and pantograph control, air gages, 2400-volt 
cab heater, bell rope, and control for the whistle and sanders, 
thus providing the locomotive with complete double end control. 
The motors are nose-supported in the usual way and geared to 
the axle by means of twin gears, each of four-inch face. 

The motor equipment consists of four commutating pole 
motors wound for 1200 volts and insulated for 2400 volts, two 
of these motors being permanently connected in series for opera- 
ting on the 2400-volt trolley circuit. The one-hour rating of each 
motor is 320 h.p. at 1200 volts. The motors are designed for 
forced ventilation which is obtained by means of a blower in the 
locomotive cab. Either pair of motors may be cut out by a 
special handle on the change-over switch. The locomotives are 
geared for a free running speed on tangent level track of approxi- 
mately 45 mi. per hr. with ten points in series and nine points 
in series-parallel. The master controller used is of the non- 
automatic type and has two handles, one regulating the applied 
voltage at the motors and the other controlling the direction of 
rotation of the motors. The rheostats which form the external 
motor resistance are placed near the roof of the cab and pro- 
vided with ample natural ventilation. 

The master controller and contactor energizing circuits are 
designed for 125 volts. Each contactor is easily accessible 
without any disturbance to adjacent contactors. А special 
electropneumatic change-over switch is used for making the 
transition between series and series parallel connection of the 
pair of motors. 

The 125-volt current for operating the contactors and for 
lighting the cab and headlights is obtained from а motor-gen- 
erator set, the motor of which has two 1200-volt windings and 
two 1200-volt commutators in series for operation on 2400 volts. 
This set is maunted in the center cab and also drives the blower 
for providing forced ventilation to the main motors. 

Fuses of the copper ribbon type placed in the fuse boxes pro- 
vide protection for each individual circuit as well as the main 
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circuit from the trolley. These fuse boxes are all arranged to 
blow into a common chamber designed to take care of the arc. 
In addition to the fuse on the main circuit, a main switch 15 also 
provided. This is of the knife-blade type, being opened and 
closed by a handle in a position for easy operation 1n case of emer- 
gency, or when it might be necessary to open the circuit while 
carrying current. This main switch blows into the chamber 
provided for the fuses and has a powerful magnetic blowout. 

The trolleys are of the slider pantograph tvpe, pneumatically 
operated and mounted on insulated bases. Two pantographs 
are used per locomotive. 

А speedometer, similar to the type largely used on automo- 
. biles, but especially designed for locomotives, 1s located in each 
operating cab. These are connected to the driving wheels of 
the locomotive by means of flexible shaft and gearing. 

А combined straight and automatic airbrake equipment is 
provided on each locomotive. This equipment includes a 2400- 
volt, motor-driven air compressor, the set consisting of two 
1200-volt motors operating in series on 2400 volts and direct- 
connected to an air compressor having a displacement of 100 
cu. ft. of free air per minute. The approximate total weight of 
each locomotive is 88 tons. Some of its principal dimensions 
and characteristics are given in the following table: 


Length inside knuckles.................. 37 ft. Жіп. 
Length over саЬ........................ 31 “ 0 “ 

: Overall height, pantograph down......... 15 * 6 " 
Height over са vues sx фе кені 12" 10 * 
Overall width; cabs buenas we edd dte d ees 10“ 0 “ 
Total whecelbase........................ 26 " 0 “ 
Rigid wheelbase........................ 8 “ 8 “ 
Total weight, all on drivers.............. 83 tons 
Wheel патер; sasa жу TERR 46 1n. 

Tractive effort at 30 per cent tractive coeffi- 

CIC DE n su bea ата Ра ae hae E 49,800 lb. 
Tractive effort at one-hour rating ........ 20,300 1b. ° 
Tractive effort at continuous rating....... 16,200 Ib. 
Speed at rated amperes, one-hour rating ..23.4 mi. per hr. 
Total horse power, one-hour rating .... .. 1280 h.p. 

Speed at rated amperes, continuous rating.24.6 mi. per hr. 
Total horse power, continuous rating...... 1090 h.p. 
Gearing 80—25 Reduction 3.2 


The multiple unit motor cars for handling local traffic are not 
yet in operation. The principal dimensions of these cars are 
given in the following table: 
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Length over buffers .......................... 67 ft. 534 in. 
Length over body corner posts................. 57 “ 614 “ 
Truck centers assay БАА Ма е Q .* 
Width over side sill angles .................... 9 “ 10% “ 
Width over eaves ............................ 10 “ 2% * 
Height top of rail over тооҒ................... 13“ 0 % 
Height top of rail to underside of side sill ....... 3“ 7% “ 
Center to center of body side bearings.......... 4“ 10 * 
Center to center deck sills..................... 5“ 6 * 


The approximate weight of the car loaded and equipped is 
160,000 16. The electric hot air system of car heating is used. 
One complete heater is placed underneath each car and receives 
its energy dirgct from the 2400-volt supply. The heater has 
a capacity of approximately 25 kw. and is constructed for two 
heat combinations so as to provide for the changes in tempera- 
ture conveniently and economically. 

The complete heating equipment consists of the heating unit, 
blower and regulating mechanism, the controlling switch and 
thermostat of the regulating mechanism being arranged for 
operation from the 600-volt supply. Air is forced over the heat- 
ing unit by means of the blower and distributed to the car 
through the air ducts along the sides of the car. The blower 
used for the circulation of the air is operated by a motor which 
is connected in series with the heating unit on the ground side. 
The capacity of the blower is approximately 1000 cu ft. of air 
per minute. 

The motor equipment consists of four fully ventilated, 125 h.p. 
1200-volt, commutating-pole motors insulated for 2400 volts. 
Two of these motors are permanently connected in series for 
2400-volts operation. Ventilation of the motor is accomplished 
by drawing air into the armature at the pinion end by means of 
the fan on the armature shaft. The air passes longitudinally 
through the whole interior of the motor and is expelled through 
an opening in the frame at the commutator end, protected by 
wire mesh. 

The control is of the non-automatic type for multiple-unit 
operation. The equipment includes a motor-generator set 
for furnishing 600-volt current for the control circuits, the air 
compressor and lighting circuits. This set consists of two 
1200-volt motors, operating in series on 2400 volts, direct con- 
nected to a 600-volt generator. The master controller, contactors, 
switches, reversers and pantograph are essentially the same 
construction and appearance as those already described for 
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the locomotives. The controller has five steps in series and four 
steps in parallel. It differs from the locomotive controller 
in having the usual motorman’s operating handle instead of a 
lever. This handle is provided with the so called “dead man's" 
feature for cutting off power and applying the air brakes in 
case the motorman removes his hand. 

Copper ribbon fuses similar to those on the locomotive are 
used, and an aluminum-cell lightning arrester is installed on 
each car. 

Special local conditions and extremely low temperatures 
introduced features making the design of the catenary system 
for this electrification somewhat out of the erdinary. The 
electrified track at present is about 10 miles long, and in this 
distance there is a passenger terminal station and coach yard 
in the city, a double track tunnel, double tracks in a cut with 
low clearances under highway bridges, a long stretch of single 
track, both tangent and curve, and a large freight yard with 
repair shops and storage tracks. The temperature in the coldest 
winter weather reaches 35 deg. below zero, while in the hottest 
summer weather it will go as high as 110 in the sun. In the early 
spring severe sleet storms sometimes occur. 

The poles are pf Eastern white cedar. The specifications for 
these poles and also for the creosote oil used as а рге- 
servative, were based upon those of the National Electric 
Light Association. Steel poles are used in the terminal 
yard in the city on account of their more sightly appearance. 
The wood poles are set seven feet in the ground and are all 
back-guyed. They are long enough to carry two cross-arms 
for feeders, signal circuit and a three-phase transmission line 
for supplying the shops in the Cartierville yard with electric 
power. On top of the poles there is a No. 000 copper ground 
wire which serves both as a protection against lightning for the 
circuits on the poles and also as a preventive against any trouble. 
that might be caused by breakage of the rail bonds, which latter 
are of the welded U type. 

The poles throughout the single track construction are spaced 
150 ft. on tangents and 20 ft. on the two-deg. curve. On the 
double-track portion, where the overhead clearance is limited, 
the spacing is reduced to 105 ft. on tangents. 

The messenger for the electrification outside the tunnel con- 
sists of a 15 in. seven-strand Siemens Martin steel cable with an 
ultimate strength of 11,000 Ib. and an elastic limit of 6600 lb. 
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Two No. 0000 copper feeders are installed, on the full length of 
the electrification outside the tunnel and the other for about one 
mile west of the substation. 

The messenger is anchored every half mile. This is accomp- 
lished by running the end of one half mile length past the end 
of the next for a distance of one span. It is then made fast 
to an anchor eye on the bracket through an insulator and turn- 
buckle, and the same point of the bracket guyed back to the 
next pole, which in turn is guyed against this strain. The two 
messengers where they pass each other, are kept from eight to 
ten inches apart. By anchoring the trolley wire on the same 
bracket the anchorage becomes a section insulation, the air 
space between the messenger and trolley wire forming the in- 
sulation. Where a section insulator is not required a copper 
jumper is placed between the messenger and trolley wires. 

For the double-track portion of the line cross-span construc- 
tion, is used, the cross-span being a 3$-in. seven-strand Siemens 
Martin steel cable. The messenger is fastened to this by means 
of a small malleable clamp. This cross-span is made up with a 
turnbuckle, strain insulator, and wedge grip in each end, 
and fastened to the poles by means of eyebolts. 

In yard work spanning more than two tracks the construction 
is similar, but with the addition of a cross messenger of l5-in. 
cable above the $$-in. cable. This cross messenger is made fast 
to the poles directly, without insulators or turn-buckles, and 
carries the weight of the spans below through lengths of l4-in. 
steel cable. These fasten to eyes in the tops of the messenger 
hangers and to the cross messenger by means of Crosby clips, 
There is a strain insulator in each of these lengths. 

Pull-offs are used on curves for holding the contact wire and 
messenger in the correct position over the track and at intervals 
on long tangents for steadying the contact wire. The pull- 
offs are made of sherardized steel tubing bent to avoid fouling 
the pantograph. Each pull-off is fitted with a clamp ear at 
one end and an eye at the other. Adjustable links are some- 
times required with the pull-offs to keep the trolley wires the 
right distance apart at certain points, such as where the trolley 
wire for a turnout approaches the main trolley wire at an angle. 
Each link is composed of two malleable iron brackets, with 
clamp ears, connected by means of a l$-in. pipe, the length of 
which is adjusted between the brackets and held by set screws. 

Porcelain strain insulators are used in two sizes. The larger, 
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used with %-in. and 34-inch. steel cable, withstands a wet flash- 
over test of 14,000 volts and has a breaking strength of 22,000 
lb. Тһе smaller, used with $-in. and !4-іп. steel cable has a 
breaking stength of 12,000 1b. 

The insulator used on the bracket construction is of the ordi- 
nary glazed porcelain, double petticoat, pin type, 414-in. in diame- 
ter. It has a wet flash-over test of 20,000 volts. The messen- 
ger rests in the groove in the top of this insulator and is not 
tied except on curves. 

The contact wire is of special bronze composition, size No. 
0000, with a breaking stength of 65,000 lb. per sq. in. and an 
elastic limit of 39,000 lb. per square inch. Its section is the 
standard of the American Electric Railway Association for No. 
0000 grooved trolley wire. "The use of this wire instead of hard- 
drawn copper was thought advisable both because of its longer 
life when subjected to the wear caused by sliding pantographs, 
and also because it could be pulled up tighter than copper on 
account of its greater strength. This latter reason was con- 
sidered of special importance because of the wide variation in 
temperature in Montreal, with the consequent great variation 
in the sag of ordinary copper trolley wire between winter and 
summer. 

The trolley wire is hung straight over the center of the track 
as the natural side sway of the pantograph 15 sufficient to pre- 
vent wearing grooves in the contact strips. 

The height of the trollev wire above the top of rail 1s ordinarily 
23 ft. except along the double track construction and in the 
tunnel, where it is 16 ft. In this section two wires are used over 
each track. They hang side by side, supported from the same 
messenger, the hangers of one wire being staggered with those 
of the other. These double wires do not raise the hanger loops 
as high as would a single wire when a pantograph passes along, 
which is an obvious advantage where the head room 1$ limited. 
Sparking and consequent wear both of the contact shoes and 
contact wires is reduced to a minimum, as there 15 always good 
contact between the slider strips and one of the contact wires. 

The hangers are all of the long-loop tvpe, having a malleable 
iron, single-bolt clamp ear, and a strap varying in length to 
suit its position in the span. All parts are sherardized. In spans 
of all lengths from 150 ft. to 90 ft. the hangers are spaced 15 ft. 
apart. 

Lightning arresters of the magnetic blowout tvpe are installed 
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at half-mile intervals. The arrester is placed near the top of 
the pole and the ground wire runs down the pole to a $-in. iron 
pipe driven about ten feet into the ground. Before driving this 
pipe, a 2-in. pipe was driven down about 5 ft. then withdrawn 
and the hole filled with rock salt. The 34-in. pipe was driven 
down through the salt. 

In addition to these arresters on the poles, aluminum cell 
arresters are installed in the substation on the peste busbars 
and on each feeder. 

In order to string the messenger cable with the proper 
tension a dynamometer was used. It was therefore necessary 
for the foreman of the line gang to know what the tension should 
be at different atmospheric temperatures. The right sag at 
any given temperature was also of importance as a check on 
the tension. This information was supplied in the form of 
tables to which the line gang w orked, the sags and tensions being 
given at 5 deg. intervals. 

In the tunnel the overhead clearance was so limited that the 
catenary had to be very flat. This meant pulling the messenger 
up very tight for spans of reasonable length. A cable of phosphor 
bronze was decided upon, composed of nineteen wires, and having 
an overall diameter of 0.888 in. This cable has an ultimate 
breaking strength of 22,000 10. and an elastic limit of 18,600 Ib. 

This messenger is supported every 90 ft. from the roof of the 
tunnel by a combination of iron yokes held in the concrete by 
four one-in. bolts. The cross yoke carries the messenger in- 
sulator and is supported on two insulators carried on the two end 
yokes, so that there are two insulators between the messenger 
and the ground. The insulators are of glazed porcelain and 
have a wet flashover test of 20,000 volts. All clamps and 
small parts of the messenger supports are of malleable iron 
sherardized. The yokes аге of 2-in. by 5%-іп. and 112-іп. by 7$-in. 
mild steel, painted with an asphaltum compound as a protection 
against rust. Two М№о. 0000 phosphor-bronze contact wires 
hang side by side from the messenger. The hangers for each 
contact wire are spaced 15 ft., or 7 ft. 6 in. between adjacent 
hangers. The hanger lengths vary from 6 in. to 1334 in. with a 
90-ft. span. The two hangers nearest the messenger support, 
namely those 1114 and 13?4 in. in length, are made with two loops 
one sliding inside the other, where the clearance to the roof is 
small The remaining hangers are similar to those used out- 
side the tunnel, except that the loop is wider in order to take the 
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larger messenger. It was found that the two messenger cables 
and the four contact wires over the two tracks in the tunnel 
would give ample conductivity, so that no feeders through the 
tunnel were required. Both the messenger and contact wires 
are anchored every half mile. Two “bridles” of 1l⁄¿-in. steel 
cable are fastened to the messenger by means of six 7$-in. Crosby 
clips, and the ends of these bridles fastened each way, through 
two cemented-type strain insulators in series, a turnbuckle 
and wedge grip to roof plates. The contact wire is anchored 
by lapping the ends for a distance of one span and then carrying 
each end up and slightly to one side of the center, making 
fast to a roof plate through two insulators a turnbuckle and a 
wedge grip. 

At the only curve in the tunnel, one of two deg. two pull-offs 
are place in each span, over each track, one for each of the 
contact wires. The pull-offs are fastened to the tunnel arch 
through two strain insulators in series by means of an expansion 
bolt. The two pull-offs are placed 7 ft. 6 in. apart and this 
arrangement prevents hard spots and at the same time keeps 
the two contact wires close enough together for satisfactory 
operation. 


Presented at а Section Meeting of the American 
Institute of Electrical Engineers, San Francisco, 
Cal., February 28, 1918. 


Copyright 1918 by A. I. E. E. 
(Subject to final revision for the Transactions.) 


INTERCONNECTION OF POWER SYSTEMS 


The following symposium presented at a meeting of the 
San Francisco Section deals exclusively with Pacific Coast 
conditions, but the problems presented are very important 
ones and are worthy of study by anyone interested in hydro- 
electric power development. The utilization of water powers 
and the interconnection of power systems are closely associated 
with the present necessity for fuel conservation. 


TECHNICAL FEATURES OF THE INTERCONNECTIONS OF 
ELECTRIC POWER SYSTEMS OF CALIFORNIA 


BY P. M. DOWNING 


HE subject that is to be discussed this evening is of the 
utmost importance not only to the people of this State, 
but to the entire nation because it has to do with the conser- 
vation of one of our most valuable resources, viz., fuel oil. 
Although it may have been intended to limit the discussion 
this evening to the technical features involved in the matter 
of interconnecting the different systems operating in the central 
part of California, I am going to devote the short time allotted 
to me to a review of the conditions and circumstances that 
have made such an arrangement desirable and necessary, leav- 
ing the discussion of the technical features to some of the 
speakers who will follow me. 

It is a matter of common knowledge that there is a very 
serious power shortage in this State, particularly in the central 
part. The business of the different Power Companies has made 
a wonderful growth in the last few years, but the construction 
of new facilities to meet the increased demands for service 
has not kept pace with the growth of the business. Some 
idea of this increase may be had when I say that in 1900 the 
installed hydroelectric capacity in the territory North of Merced, 
that is, in the territory North of that supplied by the San Joaquin 
Light and Power Company was, approximately, 15,000, h. p. 
By 1917 this had increased to 375,000 h.p., an increase in the 
17 years of 360,000 h.p. In addition to this 375,000 h.p. of 
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hydroelectric capacity, there is now installed 187,500 h.p. 
in steam plants. 

Athough there is an abundance of undeveloped hydroelectric 
power well within distances that it could be economically tran- 
smitted to the Bay Counties, it has been allowed to lie idle for 
no other reason than that capital could not be interested in its 
development. These projects are unattractive not because 
of physical or engineering reasons, but solely because their 
development and utilization are unattractive financially; in 
other words, they are not looked upon as good investments. 
Capital can be otherwise invested where it will be more secure, 
and where it will yield a better return. Before an investor is 
asked to put his money into any enterprise, he must first be 
assured that the investment is a reasonably safe one. He 
must know that there are equities back of the project that will 
secure him against loss. He must also know that the enter- 
prise is one with an earning capacity that will insure him a 
fair return on hisinvestment,and at the same time leave 
a reasonable surplus to properly maintain the property. 
Public utility securities, unfortunately, have not always afforded 
all of these inducements, with the result that money has not 
always been available when it became necessary to provide 
new facilities for carrying increased loads. 

This condition has been brought about, first bv the refusal 
of rate regulating bodies to establish rates that would yield the 
utilities a return on their investments comparable with the 
returns on capital invested in other unregulated enterprises, 
and secondly by the attitude of the Federal Government in 
the matter of refusing to grant to power companies anything 
more than temporary permits for the occupancy of public lands. 
The radical ideas and rulings of the conservationists have 
for years been a stumbling block in the wav of hvdroelectric 
development. Under existing regulations of the Department 
of the Interior, no one can enter upon any public land within 
the Forest Reserve for the purpose of constructing any part 
of a hydroelectric development, except by signing a revocable 
permit terminable at the discretion of the Secretary of the 
Interior. Not only are these permits subject to this and other 
objectionable conditions that might be imposed when they 
are granted, but they are also subject to such other conditions 
as the Department might subsequently impose, even after the 
investment has been made. From the standpoint of the inves- 
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tor, a very objectionable feature of these permits is that the 
applicant must agree to turn over the entire property to any 
municipal, state or federal body at any time upon receiving 
payment therefor a price to be finally determined by the Secre- 
tary of the Interior; in other words, thé investor at the dis- 
cretion of the Secretary of the Interior must give up his property 
at any time without having any voice in determining the 
price at which it is to be taken. 

It is immaterial how much, or how little of the completed 
project may lie within the public domain, there is absolutely 
no way to acquire a fee to the property occupied, and the 
only possible way to secure even the temporary easement is 
by signing the permit which would involve the entire project. 

As a very large part of the undeveloped water power re- 
sources in this State are so situated that at least some portion 
of almost every development would fall within the Forest Re- 
serve, it will at once be apparent how far reaching a require- 
ment of this kind would be. 

А recent report made by a Special Committee of the Chamber 
of Commerce of the United States appointed for the purpose 
of reporting on water development as effected by the policy 
of the Federal Government contains, among other statements, 
the following: 


One of the first things to be clearly perceived, for an understanding 
of this subject, is that water-power developments are not exceedingly 
profitable undertakings earnestly sought by capital as a means of securing 
large returns on a small investment; but that, on the contrary, steam 
power is the superior of water power in almost all respects. In order 
to procure the adequate development of water power, inducements 
must be offered. 

There is a very general, but entirely erroneous, belief that any water 
power running to waste can be utilized at small expense. The initial 
cost of a steam plant is in general but one-half to one-fifth that of a 
water-power plant of equal capacity. Moreover, because a steam plant 
can be more easily enlarged from time to time, the initial development 
of a water-power plant must, in general, be a much larger proportion 
of the ultimate contemplated development than in the case of a steam 
plant. It follows that the investor in а water-power plant is burdened 
from the very start with a heavy fixed charge, the failure to meet which 
may mean bankruptcy. The risks to capital in water-power develop- 
ments are, therefore, much greater than the risks in the case of steam 
power. The advantage of water power lies in its smaller expense of 
maintenance, due to the smaller amount of labor and the absence of 
any cost for fuel. 

Water powers will not be developed unless the conditions are made 
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comparatively favorable. Present demand for the development of 
such power comes, not from capitalists, but from communities which, 
on account of the high price and scarcity of fuel, are desirous, in their 
own interest, of inducing capital to make such developments. 

In order to secure the adequate development of water power, it is 
essential that the subject should be approached with an attitude of 
mind which recognizes the necessity of making such developments 
attractive to capital, rather than with that attitude which assumes 
that such enterprises should be surrounded with as many restrictions 
as possible. 


This short-sighted policy on the part of the Federal Govern- 
ment has retarded hydroelectric developments and forced the 
companies to take care of their increased load with steam- 
generated energy. 

With oil as cheap as it was prior to 1916, the modern steam 
turbine, with its high efficiency, its low first cost and the guaranty 
of the investment, gave promise of being a real competitor 
of the hydroelectric installations. However, during the past 
two years, the production of oil has decreased and the consump- 
tion increase, thus necessitating a very heavy draft from storage. 
Asa result the approximately 35,000,000 barrels of oil in storage 
in 1916 1s being depleted at the rate of, approximately, 1,000,000 
barrels per month. If the present ratio of production to con- 
sumption continues, the entire storage will be exhausted by 
1920. 

In view of the Government activities in building up a Merchant 
Marine, and the general industrial activity through- 
out the entire country, there is but little doubt but that even 
with the increased activity in developing new wells, this shortage 
wil continue. The prevailing high price of oil will be an incen- 
tive for greater production by the development of new properties. 

The active producing period during which the oil wells of 
this State can be economically operated, is probably not to 
exceed 20 to 25 years. Records of the decline in production 
of wells in the various fields show that during the first five 
years of the wells’ life, the production drops off, approximately, 
75 per cent. As the number of wells in the different districts 
increase, it 1s reasonable to say that this rate of decline will 
also increase. With these facts before.us it would appear that 
the added supply to meet the increased demands would have 
to come almost entirely from new wells rather than from those 
now being operated. 

The accompanying chart giving the sources of the World's 
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oil supply amoüunting in 1915 to 427,695,347 barrels shows 
that a very large proportion of the total is produced in the 
United States. During that year the production in this country 
amounted to 281,104,104 barrels, or 65.72 per cent of the total. 
Russia came next with 68,548,062 barrels, or 16.03 per cent of 
the total. Of the total United States production amounting 
to 281,104,104 barrels, the California fields produce 89,566,779 
barrels, or, approximately, 32 per cent of the total. Only one 
other field, viz., the Kansas and Oklahoma produced more than 
this State. Here the output was 121,920,000 barrels, or 43 per 
cent of the total. 

The average monthly consumption of California oil for the 
period January to May, 1917, was approximately, 8,370,000 
barrels, 7,000,000 barrels of which was used for fuel, the balance 
going to refineries. 

The largest individual users of fuel oil are the railroads, 
their consumption being, approximately, 40 per cent of the 
total. Steamships come next with, approximately, 13 per cent 
of the total, and public utilities third with 10.8 per cent. 

The success attending the operation of railroads that have 
been electrified during the past few years demonstrate beyond 
a doubt that the problem of changing over from steam to electric 
operation is one of economics rather than engineering. With 
oil as the only fuel that is economically available in this State, 
and the price of this commodity continually increasing, there 
is every reason to expect that before many vears many roads 
now operating by steam will be changed over to operate elec- 
trically, receiving their power from hydroelectric sources. 

With steamships, the situation is an entirely different one. 
Here the motive power must be had from fuel used in some form 
or other. О! occupies less space, is more easily handled, and is 
a better fuel in every respect than coal. With a larger mer- 
chant marine, the demand for oil for shipping purposes will 
be materially increased, and in view of the encouragement and 
support now being given by the Federal Government to this 
industry, it is safe to say that every possible effort will be made 
to encourave the industry by the conservation of oil for this 
purpose. 

Public utilities use oil for two purposes, the first and larger 
usage being for the manufacture of gas, the other for the opera- 
tion of steam-driven electric stations. For the manufacture 
of gas there is no economical substitute for oil. Coal could 
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be used were it available in sufficient quantities, and at the right 
price, but at the prices that have always prevailed in this State, 
gas could not be produced and sold ata rate that would permit 
of it being used as generally as it is today. Steam-generated 
electric power can be supplemented by hydroelectric power. 
It was to accomplish this purpose and to conserve all oil by the 
utilization of all of the available hydroelectric energy of the 
different power companies in so far as it was possible to do so, 
that the present power interchange arrangement was entered 
into between the companies operating in this vicinity. 

Due to abnormal climatic conditions no large quantity of 
oil has thus far been saved by the interconnection. With 
an unusually dry season lasting from April 1917 to Feb. 1918, 
the stream-flows throughout the entire State are much below 
normal, and none of the water power plants has been able to 
operate at anything like its normal capacity. The precipi- 
tation to date for the winter of 1917-18 is not more than 50 per 
cent of normal, and unless we have unusually late storms during 
the coming spring, a very serious shortage of hvdroelectric 
power may be expected before the flood water season of 1918-19. 
This shortage of water power will have to be made up from the 
steam plants. Not only will these steam stations have to carry 
the added load thrown upon them by an unprecedented water 
situation, but will also be called upon to carry the normal in- 
crease in load amounting to between 10 and 11 per cent per year. 

No new water power plants are under construction at this 
time to relieve the situation and reduce the oil consumption. 
Under present financial conditions there is but little probability 
of anything being done in the way of making developments, 
but even if money, material and labor were all available 1mme- 
diately, it would require two years to complete any installation 
large enough to be much of a factor in accomplishing the desired 
results. | 

The combined loads, actual and estimated, with sources of 
energy supply, oil required, combined peak loads, and peak 
capacities of the five larger systems operating in the North 
Central part of the State, viz., Pacific Gas and Electric Co., 
Great Western Power Co., Sicrra and San Francisco Power Co., 
Northern Calif. Power Co., Cons.,and Western States Gas & Elec- 
tric Co., are given in Table 1. The figures showing the estimated 
water power available for 1918 to 1921 inclusive, do not con- 
template any additional energy from new plants, but do contem- 
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plate normal water conditions with a very decided shortage. 
Thus far during this year there is every reason to expect the 
water power output to fall short a considerable amount and 
the steam production to increase correspondingly. However, 
а more serious situation wi] obtain in 1920 unless additional 
generating facilities are provided. By this time the combined 
peak load will have increased to 362,000 kw., with an available 
peak capacity of 338,000 kw., or a shortage of peak capacity 
of 24,000 kw. 

With the situation such as the foregoing figures indicate 
it to be, it will at once be apparent that something should be 
done immediately in the way of developing additional hydro- 
electric facilities not only to conserve fuel oil, but more especially 
to meet the increased demands of service. 


ELECTRIC POWER IN NORTHERN AND CENTRAL 
CALIFORNIA 


BY GASKELL S. JACOBS 


HIS review covers generally the situation with reference 

to the present and future production and transmission of 

electrical energy by the four largest companies of Northern 
and Central California. 

The electric utilities of this section are confronted with a 
combination of conditions that will tax both their physical and 
financial resources to the utmost, if they are to continue to meet 
the growth of their territory and maintain the high standards 
of service that have been established in the past. Among 
the factors contributing to the present emergency are: 


1. The rapid growth of load, due not only to the normal 
increase in the demands for power, but also to the developments 
in shipbuilding and other industries, and to the stimulation of 
food production involving the use of electrical power for the 
irrigation of lands. 


2. The scarcity of fuel oil, used exclusively in this section as 
a source of auxiliary steam-generated energy during the peak 
hours of the dav and during seasons of reduced hydroelectric 
supply. 

3. The cost of fuel oil for steam power plant operations has 
increased from 70 per cent per barrel in September 1916, to $1.50 
per barrel, the prevailing market price in San Francisco since 
September 1917. Not only has this doubled the cost of pro- 
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duction of steam-generated energy to the utilities themselves, 
but it has resulted in the substitution of electric power for 
steam power by many industries that were unable to bear the 
increased cost of oil fuel. 

In addition, practically all of the gas sold in California is 
produced from fuel oil so that the increase in price has even 
more seriously affected the gas utilities than the electric systems. 
There are today less than 30,000,000 barrels of oil in storage 
as compared with nearly double this amount in June 1915, 
and the oil stocks on hand are being drawn down at the rate of 
1,000,000 barrels per month to offset the production deficit. 
The oil situation in California was the subject of an exhaustive 
investigation, and a comprehensive report on the many phases 
of this problem was made in July 1917 by the Petroleum Com- 
mittee of the State Council of Defense. 

Conservation of oil resources in California is the watch- 
word today and much is being accomplished through the efforts 
of the United States Fuel Administration. The future shows 
every indication of the necessity for increased hydroelectric 
development and for the electrification of steam  railways 
which are now operated entirely with oil fuel. 


4. The curtailment of the expansion of generating and 
transmission facilities, due partly to the unsettled condition 
of the money market and of utility credits in war times, and to 
the absence of agreement between the utility interests and 
the Federal Government, which controls the available water 
power on public lands. | 

5. A large proportion of the skilled labor essential to the 
operation of the electric utilities is either in the service of the 
nation or has been attracted to more remunerative forms of 
activity. 

6. The lack of rainfall and snowfall in the mountains and 
the depletion of stored water resources. The present season 
to date has been one of the driest experienced in over 20 years, 
and has resulted in a curtailment of hydroelectric power, not 
only during the flood water season, but also points to a greatly 
reduced output of water power during the summer and autumn, 
during which period the melting snow and the reservoirs filled 
in the winter and early spring, are generally sufficient to insure 
the continued operation of the hydroelectric plants during 
the dry season. 
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The four largest utilities operating in Northern and Central 
California, considered in this review, are, 


1. Pacific Gas and Electric Company, 

2. Great Western Power and Electric Company, 
3. Sierra and San Francisco Power Company, 
4. Northern California Power Company, Cons. 


There are, of course, many other smaller electric utilities 
operating in this section, some of which generate their own power, 
but most of them are dependent for their power supply on the 
larger generating companies. The operations of these four 
companies constitute 90 per cent of the power business in this 
section. They are interconnected to the extent that the Pacific 
Gas and Electric Company purchases upward of 25,000 kw. 
from the Northern California Power Company and the Great 
Western Power Company. 

The extent of the territory covered by the operations of these 
companies and the location of generating stations and main 
transmission lines and present points of interconnection are 
shown in Fig.l. Attention is directed not only to the extent 
to which this territory is covered, but particularly to the short 
gaps to be constructed in order to make a unified system. There 
are no differences in the operating voltages or frequencies of these 
companies that would prevent unification. 

The total installed generating capacity is in excess of 400,000 
kw., of which 260,000 kw. are installed in 26 hydroelectric plants 
and 140,000 kw. in seven auxiliary steam power plants. The 
hydroelectric plants are located principally on the western 
slopes of the Sierra Nevada Mountains, their average distance 
from San Francisco being about 130 miles. The steam stations, 
with one exception, are located either in San Francisco or 
Oakland on tide water. Тһе combined transmission net- 
works aggregate 2600 miles of line, of which 400 miles are 
operated at 100 kv. or over, 1800 miles at 60 kv., and 400 miles 
at voltages less than 60 kw. During the year 1917 nearly 
1,600,000,000 kw-hr. of energy were produced in the power 
plants of this group, 16 per cent of which was from auxiliary 
steam plants. The simultaneous peak load of the year was 
in excess of 260,000 kw. The week-day load factor varies from 
68 per cent to 77 per cent, while the minimum load on these 
systems rarely drops below 100,000 kw. The diversified char- 
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SYMBOLS 


e POWER HOUSE 
s SUB-STATION 
© INTERCONNECTION BETWEEN SYSTEMS 
=— EXISTING TRANSMISSION LINES 
=== LINES UNDER CONSTRUCTION 
== SUBMARINE CABLES 
me DOUBLE TOWER OR POLE LINE 


Fic. 1— MAIN TRANSMISSION LINES IN NORTH AND CENTRAL CALi- 
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acter of the connected load is reflected in the typical daily load 
curves shown on Figs. 2 and 8. 

The gravity of the situation confronting these utilities 
called for quick action, and the magnitude of the problem, 
together with the necessity for temporary relief, led to a consider- 
ation of the possibilities of increasing resources through a pooling 
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Fic. 3--Рвімавү POWER CHARACTERISTICS 1916-1917 OF COMBINED 
GENERATOR OUTPUT 


Note:—This diagram is based on a combination of daily load curves that are typical 
of average conditions for each month in the several companies. 


of facilities; and further to a consideration of the extent to which 
undeveloped resources could be quickly brought into use, with 
the prospect of a definite program of concerted development 
for the future that would enable the growing demands for 
electric power to be met in the most economical and efficient 
method possible. Some rather interesting results grew out 
of the investigation and their presentation follows. 
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1. CHARACTER AND DISTRIBUTION OF LOAD 


Daily load curves of the four systems were selected as typi- 
cal of average load conditions during the week days of each 
month, and combined in such a manner as to show the effect 
of inter-connecting the systems. The load curves thus obtained 
for a unified system are shown in Fig. 2, and for comparative 
purposes the simultaneous load curves for each month are 
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Fic. 4—PRIMARY POWER CHARACTERISTICS 1916-1917 OF COMBINED 
GENERATING SYSTEMS 


superimposed in Fig. 3. The remarkable uniformity of load 
throughout the year, and the absence of sharp peaks except in 
two or three winter months, is apparent. During five months 
of the year the peaks occur in the morning, and the three periods 
of daily use—morning, afternoon and evening—are separate and 
distinct. The morning peaks during spring and summer are 
practically a combination of the industrial and irrigation loads, 
while the afternoon peaks in winter are the result of the coinci- 
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dence of the early lighting load, the street railway load and the 
late afternoon industrial demand. Considerable of the business 
represented is of high load factor, such as reclamation pumping, 
gold dredging operations, cement mills, mines, smelters, etc. 


SYMBOLS 
—— PACIFIC GAS AND ELECTRIC CO. 100 KV. LINES 5 » D KILARC P.H. 
—— PACIFIC GAS AND ELECTRIC CO. 60 KV. LINES —— DUTH COW CREEK P.H. 
— NORTHERN CALIFORNIA POWER СО. system COLEMAN РН. - А ең 
— GREAT WESTERN POWER CO. 100 KV. LINES Z OSIUTH P.H. 
—— SIERRA AND SAN FRANCISCO POWER CO. 100 KV. LINES I.» 
—— SNOW MOUNTAIN POWER CO. 60 KV. LINES | : 
e 500 KY. OF LOAD 
О POWER HOUSE 
$? DE SABLA P.H. 
| e QCENTERVILLE РН. 
| вк BEND AL 
CANYON >. 


° у, YON А 
WILLONS окоти PA 


o POTTER VALLEY P. H. MAXWELL 
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Fic. 5— DISTRIBUTION OF LOAD ON TRANSMISSION LINES 


Fig. 2 indicates further the proportion of steam and hydroelec- 
tric energy necessary during the different months of the year 
to carry peak loads and offset the seasonal depletion of hydro- 
electric power. 
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The most important phase of this matter is the diversity of 
the systems. Table 1 and its graphical counterpart, Fig. 4, 
show both the system diversity and the diversity of the hydro- 
electric plants alone. The width of the bands in the upper 
part of this diagram is the measure of diversity. "The over-all 
diversity reaches a maximum of 20,000 kw. during the spring and 
autumn, and disappears during the peak winter months, but 
averages between 9000 and 10,000 kw. throughout the year. It 
is also of interest to note that the diversity is high during 
the low water season when the hydroelectric plants are drawing 
on water storage to supplement reduced stream flow. There is also 
a uniform diversity of hydroelectric plant operation throughout 
the year of from 4000 to 15,000 kw. indicating that its utiliza- 
tion would assist in the reduction of the steam peaks to be 
carried. 

Apart from the diversity of the load on these systems there 
is a very marked difference in the character of their water supply 
and in the forebay regulating features of the various plants. The 
hydroelectric plants located in the more northerly section have 
a much less seasonal variation of stream flow than the plants 
in the central and southern parts. Many plants lacking fore- 
bay capacity are limited in their utilization of normal daily stream 
flow, and spill water at times of load, but by interconection 
their loads could be increased and water could be held back 
in other plants of large fore bay capacity, during such periods 
of the day or night as load conditions permit, and render the 
water thus stored available for carrying higher hydroelectric 
peaks. А daily cycle involving load transfers of this kind 
would materially reduce the operations of the auxiliary steam 
plants. 

The more efficient utilization of transmission facilities is 
intimately connected with the geographical distribution of 
the load and the routes traversed by main feeder lines. The 
distribution of the load as measured by peaks on the substations 
at points of ultimate consumption, is shown m Fig. 5. In 
this diagram the location of the load centers 15 clearly set forth, 
and the necessity for carrying large amounts of power in a gen- 
eral westerly and southwesterly direction toward the San 
Francisco Bay region is apparent. If a series of concentric 
circles be drawn with a center at San Francisco and spaced 25 
miles apart, the loads on the main transmission substations in 
the several zones are as follows: 
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Zone Miles from Substation peaks Per cent 
San Francisco in kilowatts 

A 0- 25 157,500 53 
B 26- 50 50,500 17 
C 50- 75 25.000 9 
D 75-100 34,000 11 
E 100-125 23,000 8 
F 125-150 5,000 2 

Total 295,000 100 


The concentration of load in San Francisco and vicinity is 
evident, when it is noted that the peak demand of the City of 
San Francisco alone is 96,000 kw., or 32 per cent of the total. 
Within a radius of 25 miles of San Francisco, 53 per cent of 
the load, and within 50 miles of San Francisco, 70 per cent of 
the total demand on the transmission lines occurs. The nec- 
essity for large amounts of power being carried to San Francisco 
and the bay regions is in itself an important phase of this prob- 
lem and particularly because the rate of increase of load in 
the bay region is much greater than in other portions of the 
territory served, due partly to the enlarged manufacturing and 
industrial activity, and the changing over of many plants from 
steam to electric power as a result of the high price of fuel 
oil, and also to the fact that the electric requirements of urban 
districts generally increase faster than those of rural districts. 

Conditions in San Francisco itself are such that the full utili- 
zation of hydroelectric power cannot be advantageously effected 
unless additional line and transformer capacity is installed to 
connect San Francisco with the main transmission lines. "This 
situation is peculiar in that the City 1s surrounded by water 
on three sides, and the only land route for transmission lines is 
from the south. Power from the north and east is brought in 
through cables under the Bay. This fact has practically com- 
pelled the location of auxiliary steam plants in the City, both 
to supply the load and to insure continuity of service. Under 
the most favorable operating conditions, a maximun of 65,500 
kw. can be brought into San Francisco. This leaves 34,500 
kw. of peak load that must be produced by steam for San Fran- 
cisco alone, to sav nothing of the deficiencies outside of San 
Francisco that must also be carried by steam at the plants 
located around the bav regions, in the event of line failures, 
for voltage regulation, or otherwise. The following table 
shows briefly the power situation in San Francisco with refer- 
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ence to the available power from without, the peak loads of 


the several companies serving, and the steam peak necessary 
to offset the transmission deficiency: 


Maximum | Estimated | Minimum Excess 


Limiting outside | peak load steam capacity 

Company factor of power of San generated not 
power supply available | Francisco power available 

kw. kw. kw. kw. 


aeaee | ae À) aaee | eaa eed 


Pacific Gas and Elec-|2 Bay Cables| 10,000 
tric Company ..... Martin Substa. 13,500 


Great Western Power 
Company ........ 3 Bay Cables 12,000 23,000 11,000 

Sierra and San Fran- 
cisco Power Com- 
PANY «cxx ru Bay Shore Sub. 30,C00 26,000 *4,000 


Total 65,500 96,000 34,500 4,000 


Norte: *This excess capacity would be available with interconnection, and reduce the 
steam peak by an equal amount. 


It is very evident that additional transmission line capacity 
into San Francisco from the south must be made available, or 
additional cables be laid from the north and east shores of the 
bay in order to make full use of hydroelectric power and decrease 
the amount of fuel oil consumed in auxiliary steam generating 
plants. 

2. Use or EXISTING FACILITIES 

From the standpoint of separate operation, all the hydro- 
electric generating facilities are being used to the greatest advan- 
tage by the individual companies in accordance with the charac- 
ter of their respective loads. More intensive utilization of 
the hydroelectric resources could be obtained by taking advan- 
tage of the diversity as set forth in the preceding paragraphs, 
and water now wasted can be used by effecting a daily cycle 
of load transfers from plants with large forebay regulating 
capacity to plants without storage by interconnecting. 

Steam plant economies in operation can be effected by inter- 
connecting the steam stations in the bay region, such that at 
least two out of five plants can be shut down during off-peak 
hours. If transmission facilities were enlarged into San Fran- 
cisco, one plant might suffice for carrying steam peaks, leaving 
the others available for future load growth. 


1316 INTERCONNECTION OF POWER SYSTEMS (Ее. 28 


Transmission lines are, with a single exception, carrying 
far in excess of their contemplated capacity, thereby aggravat- 
ing the problem of voltage regulation and requiring the produc- 
tion of steam energy for boosting voltage, in addition to carry- 
ing peak deficiencies. The Sierra and San Francisco Company's 
104,000-volt line has about 12,000 kw. of excess capacity into 
San Francisco. The load on this system is largely a street rail- 
way load fed through 20,000 kw. of synchronous converter sets, 
so that an interconnection with this system affords not only 
much needed additional line capacity but has the further possi- 


TABLE NO. II 


ACTUAL ENERGY GENERATED 1915-1917 ESTIMATED ENERGY 
REQUIREMENTS 1918 
О SS of Kilowatt Pours) >, ue of Kilowatt Hours) 


TD Estimate. 
1915 1916 1917* 1918 
January................... 91.07 105.47 115.80 133.95 
February.................. 82.84 96.25 105.65 123.38 
Mürtclisc av ax meRuerinad 96.93 103.27 116.93 134.95 
ADULTS 93.79 102.98 118.36 136.76 
Мау eR ePi 97.00 114.56 130.48 148.95 
Jule. oci ees ЕКЕ ERA 102.55 113.25 128.64 146.76 
July oso кСсСА өшер ае PES 106.24 114.87 131.65 149.95 
August.................... 106.28 117.83 134.71 149.95 
September................. 103.78 114.16 130.52 146.76 
ОсїоЬег................... 108.57 115.76 132.34 147.95 
МоуетЪег................. 105.63 113.44 129.69 146.76 
December ................. 104.71 117.03 133.79 149.95 
Total ................ 1,199.39 1,328.87 1,508.56 1,716.07 
Рег cent Increase over Preced- 
[ ing Үеаг.................. 10.8% 13.5% 13.8% 
à 


NorEg: *Estimated August- December 1917 inclusive. 


bility of improvement in voltage regulation through the mani- 
pulation of its synchronous apparatus. All of the other trunk 
lines will require reinforcement at an early date. 


3. PRESENT AND FUTURE REQUIREMENTS 
The growth of energy output and peak loads on these systems 
for the years 1915, 1916 and 1917, with a forecast of load con- 
ditions for each month of the year 1918, are given in Tables No. 
II and III, and are shown graphically in Figs.6 and 7. The 
energy requirements of these systems have been increasing at 
a rate of from 10 per cent to 12 per cent per annum. For the 


1918] INTERCONNECTION OF POWER SYSTEMS 1317 


current year a production of over 1,700,000,000 kw-hr. is con- 
templated with a simultaneous peak load in November 1918 


TABLE NO. III 


ESTIMATED § SIMULTANEOUS PEAK LOADS COMBINED SYSTEM OF 
FOUR COMPANIES 


B (Kilowatts) 
Estimated 
1915 1916 1917 1918 
Тапчагу................... 173,000 200,000 229,300 267,000 
Реһтиагу.................. 166,000 193,000 220,800 263,500 
March.................... 172,000 183,000 208,000 251,8C0 
April uc v eeu: 171,000 | . 188,000 227,900 264.500 
Мау............. еа: 169,000 200,000 236,300 274,800 
VANES о ее ба 182,000 202,000 232,900 277,000 
JüDy E 182,000 203,800 224,000 269,800 
Е August.................... 186,000 210.800 235,000 216,600 
September................. 185,000 208,100 232,000 . 286,900 
ОсїоЬег................... „ 197,000 212,100 : 241,000 283,700 
November. ................ 212,000 234,900 ` 261,000 ` 312,000 
December ..... MORET 201,000. 238,800 257,000 303,500 


of 312,000 kw. А more detailed analysis of the load conditions 
for the year 1918 is shown in the typical week day load curves 
for each month (Fig. 8) and is summarized in Table Мо. IV. 


TABLE NO. IV 


ESTIMATED. 1918 LOAD CONDITIONS COMBINED SYSTEM OF THE 
“FOUR COMPANIES, 
WEEK Day Loaps ONLY. 


| Average | 
load Peak load Load 
x on systems on systems factor 
| 
Jun REN ot vere vato ex кл н dot es 191.908 267,000 .718 
February ........................ 197,102 263,500 .748 
Магсһ............. кезе Аса d 193,344 251,800 . 767 
April..... ЕЕ Die а 202,940 264,500 . 767 
| ЕДЫ 213,459 274.800 . 776 
June .......... Е“ ‚ 217,821 . 277,000 .786 
July. o uuu us eise sc bo os . 214,896 269,800 . 796 
August.......................... 214.896 276,600 . 776 
September....................... 225,592 286,900 . 786 
October,................. Ae ee sas) 212.022 283,700 . 747 
November ..... MET WOMEN 217,821 312,000 .698 
December. .... DDR а 214,896 303,500 . 708 


The load demands which are certain to occur during the 
year 1918 would, under normal water-power conditions, absorb 
practically all the combined resources of the companies, but: 
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with the prospect of a shortage of hydroelectric power, to which 
al present indications point, the situation is serious. The 
utilities have already interconnected their steam plants, and 
plans are being perfected for further joint operations. The 
Pacific Gas and Electric Company has ordered a 15,000 kw. 
steam turbine to be ready in the fall of 1918, and there is the 
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Fic. 6—ENERGY GENERATED 1915-1917— ESTIMATED REQUIRE- 
MENTS 1918 


prospect of bringing an additional 8000 to 12,000 kw. of hydro- 
electric power from the northern end of the State, which is most 
attractive from the standpoint of cost and the relief it will offer 
from the increasing consumption of fuel oil in steam plants A 
thorough canvass is being made of all new hydraulic develop- 
ments that can be quickly installed. The Railroad Commission 
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of California and the United States Fuel Administration are 
co-operating with the utilities in the solution of the many phases 
of this problem. 
5. PROSPECTIVE DEVELOPMENT 
With a continued growth such as has been experienced for 
several years past, the territory served by the four utilities 
herein considered will require additional facilities in the future 
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to provide for an expansion of at least 30,000 kw. per annum, with 
a corresponding expenditure of not less than $5,000,000 each 
year for power stations and transmission lines. Looking ahead 
five years to conditions that will in all probability exist in 1922, 
these systems must be ready to provide a peak of 450,000 kw., 
and an annual energy output of 2,400,000,000 kw-hr. (See 
Fig. 9). 
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These four companies have undeveloped hydroelectric re- 
sources aggregating 500,000 kw., most of which is susceptible 
of quick development. Much can be accomplished within three 
years to provide the capacity needed to keep pace with their. 
growth. This is predicated, of course, upon the ability of the 
power interests and the Federal Government to agree upon 
terms that will release the water power on public lands, and 
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upon the response of capital to the call for funds for these 
projects. 

The growth of the power requirements of the Pacific Coast 
States is far in excess of their oil, coal and other fuel resources. 
Some increase in the coal supply of the west 1s expected, but the 
oil resources of California have probably reached their maximum 
of production. The power of the future must therefore come 
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from the mountain streams. California, especially, stands at 
the threshold of an era of unprecedented electrical development. 


THE FUNCTION OF THE PACIFIC GAS AND ELECTRIC CO. 
IN THE INTERCONNECTED OPERATION OF THE POWER 
COMPANIES OF CENTRAL AND NORTHERN CALIFORNIA 


BY J. P. JOLLYMAN 


OR the purpose of this paper interconnection will be con- 

sidered to mean a connection for the delivery or exchange 

of power between two power systems, each of which has power 
plants, transmission lines and loads of its own. 

The system of the P. G. & E. Co. has been built up by the 
interconnection of a number of power systems originally planned 
to be more or less complete within themselves. The Folsom- 
Sacramento system was the first constructed. Later the Colgate 
power plant was built with a line into Sacramento. These 
two systems were interconnected at Sacramento. The Bay 
Counties Power Co. built transmission lines from Colgate into 
Oakland, and the Standard Electric Co. from Electra into Oak- 
land and San Francisco. These two systems were interconnected 
at Oakland, where they were also connected to the system of 
the Oakland Gas Light and Heat Co. The Standard system 
was interconnected with that of the S. F. Gas and Electric Co. 
at San Francisco. 

From these beginnings has grown the present system of the 
Р. С. & E. Co. with 1386 miles of 60-kv. circuit; 120 miles 
of 110-kv. circuit; 13 hydroelectric plants with an installed 
capacity of 121,600 kw.; three steam plants with a steam turbine 
capacity of 69,250 kw. and 161 substations. The week-day 
average load is now about 110,000 kw. and the peak about 
145,000 kw. Тһе minimum load at 3:00 a.m. is about 60,000 kw. 

To better show the relation of the system of the P. G. & E. Co. 
to those of the other companies with which it is interconnected, 
a diagrammatic map has been prepared. The lines tying the 
several systems together have been made the most prominent, 
the principal sources of power are shown, the most important load 
centers indicated, and the direction of the flow of power shown. 

The 60-kv. line starting at Chico, and extending through Mary- 
sville, Davis, Cordelia, Oakland and Mission San Jose to San 
Francisco, is the 241-mile bus bar connecting together the 
Northern California Power Co., which ties directly in at Chico; 
the Snow Mountain Water and Power Co., which ties directly in 
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at Santa Rosa; the Great Western Power Co., which ties in 
through 100-kv. to 60-kv. transformers at Oakland; and the 
Sierra and San Francisco Power Co., which ties in at San Fran- 
cisco on the 11-kv. side of the stepdown transformers. 


TRANSFORMERS 
— PACIFIC GAS & ELECTRIC. СОЗ LINES 
---— OTHER POWER COMPANIES 


Fic. 1— МАР DIAGRAM SHOWING RELATION OF PACIFIC GAS & ELEC- 
TRIC Co. TO INTERCONNECTED POWER SYSTEMS 


Important branches of this main bus are the Cordelia-Martin 
line over which power may be fed to San Francisco and the 
Halsey-Wise-Electra branch which feeds in at Mission San Jose 
and with which the Western States Gas and Electric is connected 
at Folsom. 
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It should not be inferred that this bus bar has a greater 
carrying capacity than any of the lines connected to it, as such 
is not the case. The distribution of the sources of power and 
of the loads is such that it is not called. on to carry more than 
about 30,000 kw. at any point (out of Mission), whereas some 
of the lines connected to it сату twice this amount (G. W. P. 100 
kv.). 

In addition to serving as a busbar connecting the буе com- 
panies named, these lines receive much of the.output of the 
P. G. & E. Co. hydroelectric plants and feed a large number 
of substations. 

The effect on the P. G. & Co. system of these interconnections 
is not greatly different than would be the case if power plants 
or loads of its own were located at the points where the inter- 
connections are made. With the exception of the tie with 
the Sierra & S. F. the connections were originally made for the 
purpose of the delivery of power to the Pacific Co. The daily 
load factor on which this power is delivered is different in each 
case. In some cases it is substantially unity in others as low 
as 70 per cent. 

In either case the control of the amount of load delivered is 
not difficult. The load is watched at the point of delivery and 
the company supplying the power advised from time to time 
of any changes required to insure the delivery of the correct 
amount of power. | 

In addition to the interconnections trough the 60-kv. lines, 
important interconnections aré made in San Francisco between 
the steam plants of the Sierra and S. F. Power Co., the Great 
Western Power Co., and the P. G. & E. Co. 

The Pacific Company has a substation called Station F in 
the North Beach steam plant of the Sierra Co., originally built 
for supplying power to the Exposition. The substation bus 
is interconnected with the Sierra steam plant bus. Eleven kv. 
tie lines exist between the steam plant, called Station A, of the 
Pacific Co. and this substation; also between Station A and the 
60-kv. system of the Pacific Co. through Martin station. A 
second connection from this substation and the 60-kv. network 
is had through the submarine cables crossing the Golden Gate 
to Marin substation. | 

The Sierra steam plant is tied to the transmission system 
with 11-kv. lines through Bay Shore. The great Western steam 
plant is tied to the transmission through submarine cables to 
Oakland. 
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It might appear.that it would be possible to close all the lines 
centering at Station F and use it as а common connection point 
. for both ends of the Pacific system, the Sierra system and that 
of the Great Western. In making a study of this question, 
some of the limitations appear which make impossible or unde- 
sirable the simultaneous ‘interconnections of two systems at 
. more than one point. | 

Тһе voltage required to force current over а transmission 
line causes a difference in phase between the impressed and the re- 
ceived voltage.. The amount of this difference in phase depends 
‚оп the length of the line and the current transmitted. If two 
lines from a common source of power to a load center are of 
greatly different length and both are carrying separate loads at 
the receiving ends, the voltages at the receiving ends will, be 
‘found to be out of phase. If the receiving ends are thrown to- 
gether, the shorter line will assume the greater part of the load. 

This condition applies to the two ends of the Pacific system 
. which come, together at Station F. Starting from Cordelia 
as a common point, the Marin line is 44 miles long while the line 
‚ via Oakland to Martin is 110 miles long. The actual difference 
in phase when both lines are loaded is about 10 deg. It is 
; found that when both ends are closed in, the Marin end delivers 
considerably more load than the Martin end, thus preventing 
the full use of both facilities and reducing the amount of power 
which can be delivered from the transmission system. 

.When running.in parallel with 60-kv. system in Oakland, 
the voltage of the Great Western in San Francisco is out of phase 
with that of the Pacific Co. due to a difference in transformer 
connections; hence it is impossible to tie the two systems to- 
gether а second time. , The interconnection may be used by 
separating a part of either system from the network usually 
operated in parallel. 

There are certain limitations on the possibilities of tying 
the Sierra system to that of either the Pacific Co. or the Great 
Western at North Beach, due to the fact that the ties are through 
J1-kv. lines, which are very long in proportion to the voltage 
-or of small capacity іп proportion to the capacities of the systems 
interconnected. ` 

One of the difficulties which has appeared in the operation of 
existing interconnections is involved with the speed control 
of transmission systems and is the tendency to pull out of syn- 
chronism of two systems, each of which has considerable gen- 
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erating capacity апа оай of its own. This is especially the 
case where the interconnecting lines are long in proportion to 
their voltage, or are of small capacity in proportion to the 
capacities of the systems connected. 

In а case of this kind trouble may be occasioned by a sudden 
change in load on either system. If the load on one system in- 
creases suddenly the additional energy must be drawn from 
the flywheel effect of all synchronously rotating apparatus 
through a reduction in speed. This reduction in speed causes the 
governors on the prime movers to act and supply more power. 
А portion of the energy supplied to the system on which the 
load has increased will come momentarily from the other system 
through a change in the load carried by the interconnecting 
line. Now such a change means a change in the phase displace- 
ment between the two ends of the interconnecting line; hence of 
the two systems. Such a change in phase between two systems 
causes a tendency to hunt, which will result in a dropping out 
of step unless the interconnecting line has sufficient capacity 
to transfer enough energy to hold the two systems together. 

А rather simple mechanical analogy would be two motor 
trucks, each carrying load, and one supplying a part of the power 
required by the other through a rather small, somewhat elastic 
tow line. No trouble would occur until the load on either truck 
would suddenly increase, as might be occasioned by a wheel 
striking a rock, in which event the load on the tow line might be 
more than it could carry, or a surging between the two trucks 
might be set up which would finally break the tow line. 

The greatest difficulty will occur when the load over the 
interconnection is subject to rapid reversals. If the load flows 
in one direction and can be held fairly steady, little trouble 
need be expected with interconnections having a reasonable 
margin of capacity. 

To make the utmost use of all existing facilities, further 
interconnections between the power systems of California have 
been suggested as a means of taking advantage of the diversity 
of the hydroelectric sources of supply and of the loads on the 
several systems. Additional interconnections involve lines of 
considerable length. Some of the difficulties which must be 
guarded against have been mentioned. 

The map shows that the general flow of power is from the 
north and east toward the Bay Districts. This is fundamentally 
due to the fact that the natural minimum stream flow of the 
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Sierra rivers is greater in the north than in the south. In addi- 
tion the San Joaquin Valley and Southern California require 
the power that can be developed in the Sierras southeast of the 
Bay Districts. 

The suggestion has been made that there would be important 
advantages in having a high capacity trunk line running through 
the Sacramento and San Joaquin valleys to which all the power 
companies could be connected and through which power could 
be exchanged. To provide the necessary capacity for this pur- 
pose, such a trunk line would have to be operated at high voltage 
and to safeguard service would have to be in duplicate with sec- 
tionalizing stations at intervals. The existing lines of the power 
companies do not fulfill the requirements of such a trunk even 
in part. 

The engineering problems which would be encountered in 
the construction and operation of such a trunk are numerous 
and difficult. Let us assume that such a trunk would consist 
of two 150-kv., 60-cycle circuits from Kennet to Bakersfield, 
a distance of 420 miles. The charging current at full voltage 
would require 50,000 kv-a. per circuit or 100,000 kv-a. for both 
circuits, and this 15 much more than the capacity of any one 
hydroelectric plant in California. 

It seems probable that further interconnections will be worked 
out more nearly along the lines that have been followed in the 
past. This has usually involved the construction of compara- 
tively short and inexpensive interconnections in specific cases 
where an exchange of power was economically desirable. 


CALIFORNIA-OREGON POWER CO. AND NORTHERN 
CALIFORNIA POWER CO. 


BY WILLIAM M. SHEPARD 


HE proposed interconnection of the California Oregon Power 
Company with the other power companies of California 
would be made through the system of the Northern California 
Power Company to the lines of the Pacific Gas and Electric 
Company near Colusa. The Northern California Power Com- 
pany has already a connection with the system of the Pacific 
Gas and Electric Company at Chico, and delivers from 8000 
to 10,000 kw. which is the limit of the available line capacity 
of both companies at this point. 
Delivery near Colusa would be considerably nearer the 
center of load of the Pacific Gas and Electric Company, being 
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about 50 miles further south and west by way of transmission 
lines than Chico. 

The connection between the California-Oregon Power Com- 
pany and the Northern California Power Company will be made 
at Kennet, the California-Oregon Power Company extending 
its lines from Castella south a distance of about 32 miles and 
reinforcing its lines from Castella north to Copco, a distance of 
63 miles, raising the voltage on this line from 60,000 volts to 
66,000 volts and increasing the copper in the line from No. 2 
to No. 00. | 

The California-Oregon Power Company will then deliver at 
Kennet, approximately 8600 kw. which will release about 
9100 kw. at the power houses of the Northern California Power 
Company, the Northern California Power Company transmit- 
ting about 35 miles north to Kennet at present and the 
load in this vicinity being between 8500 kw. and 9000 kw. 
with a line loss of approximately 6.5 per cent. 

In order to transmit this power released at the plants of the 
Northern California Power Company south, it is proposed 
‚ to increase the capacity of the 66-kv. line from Coleman to 
Willows Junction, a distance of 55 miles, and from Willows 
Junction to Hamilton, a distance of 10 miles, from No. 1 to 
No. 000 copper. From Willows Junction to the connection 
point with the Pacific Gas and Electric Company near Colusa 
there are two 66-kv. lines, one 48 miles of No. 4 and one 43 
miles, 10 miles to be reinforced to No 000 to Hamilton, the 
balance being No 1. 

The present lines have in the summer a combined load of 
about 4000 kw. This falls off in about 1000 to 1200 kw. in winter 
due to the irrigation load. 

This reinforcement of line capacity would allow the delivery 
of the present summer load plus 8000 kw. near Colusa. The 
total line loss for 12,000 kw. delivered being about 1350 kw. 
The line loss over the present lines with the summer load is 
approximately 230 kw. making a net additional loss chargeable 
to the 8000-kw. delivered at Colusa of about 1120 kw. In 
other words the 9120 kw. released at the power houses of the 
Northern California Power Company by the delivery from the 
California-Oregon Power Company at Kennet of 8620 kw. 
will make available at Colusa 8000 kw. 

The loss on the California-Oregon Power Company lines 
from Copco to Kennet will be about 880 kw. This means that 
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9500 kw. at Copco will deliver through the means just described 
9000 kw. near Colusa into the Pacific Gas and Electric system 


the net transmission loss being about 16 per cent of the generated. 


power. 

This interconnection will make available a block of power 
230 miles distant largely through the medium of existing facili- 
ties and with reasonable losses. The maximum actual distance 
of transmission is about 100 miles, from Coleman to the delivery 
point near Colusa. 

It is also possible to deliver during the winter months when 
the irrigation load of the Northern California Power Company 
is off, an additional block of from 3000 kw. to 4000 kw. over 
these same lines. This additional power can be delivered 
during a period of seven months from October Ist to May Ist 
and could be used as needed ii the Pacific Gas and Electric 
Company. 

The Northern California Pore Dems has considerable 


excess generating capacity over its available water supply and, 


for this reason is in an excellent position to control the voltage 
at Kennet, the power factor of the load taken bv the California- 
Oregon Power Company and therefore the capacity of its lines 
into Kennet. As.a matter of fact, 1100 kw. of generating capac- 
ity in the Northern California Power houses will give the same 
result, as a 2800-kv-a. synchronous condenser at Kennet and 
wil allow the California-Oregon Power Company to deliver 
at above 95 per cent power factor. 

The power factor of the load moving south from the Northern 
California Power Companv's plants will also be high on account 
of the large amount of 66-kv. transmission line, there being 
about 185 miles of this line, the charging current of which will 
be available for raising the power factor of this load. It is 
assumed that the 8000 kw. will be delivered at Colusa at 85 per 
cent power factor, the local loads at 80 per cent power factor. 
On this basis the power factor at the plants of the Northern 
California Power Company could be in the neighborhood of 
95 per cent. 

The power from the California-Oregon Power Company 
system is made available by the recent installation of the first 
unit of the Copco power development on the Klamath River, 
near the Oregon Line. 

The ultimate development at this site will consist of two 
units, each consisting of a 12,500-kv-a. generator driven by 


. a 
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an 18,600-h.p. double Francis turbine designed for operation 
under 125 feet head. Water is supplied to the present turbine 
through two steel pipes 10 feet in diameter, and 200 feet long. 

The pipes are connected to the reservoir through a gate house 
structure of reinforced concrete, forming the west abutment 
for the top 40 feet of the dam. The center line of the pipes 
being some 27 feet below high water level in the reservoir, thus 
making available the upper 12 feet or approximately 9000 
acre-feet of water for pondage. This represents a reserve of 
750,000 kw-hr. | 

With the complete development and control of the river, 
20,000 kw. will be obtainable at 75 per cent load factor, or 25,000 
kw. at 60 per cent load factor throughout the year. 


FUEL CONSERVATION BY INTERCONNECTIONS WITH THE 
SYSTEM OF THE SIERRA & SAN FRANCISCO 
POWER COMPANY 


BY J. E. WOODBRIDGE 


N so far as it is of interest from the standpoint of interconnec- 
tion, the system of the Sierra and San Francisco Power 
Company consists essentially of the following elements: 

1. A hydroelectric plant in the Stanislaus canyon, with four 
8500-kw. units operating under a head of 1500 feet, and a 
forebay having a capacity equivalent to approximately 300,000 
kw-hr. 

2. А two-circuit steel tower transmission line, operated 
nominally at 104,000 volts, with a length of 135 miles to San 
Francisco, each circuit of No. 00 wire having a capacity usually 
considered as 20,000 kw. 

3. A steam power plant in San Francisco, containing three 
9000-kw. generators. 

4. A load of from 550,000 to 600,000 kw-hr. per day, with 
a peak of approximately 40,000 kw., a large portion of this 
load being street car service in San Francisco supplied through 
synchronous motor-generator sets. 

In so far as the consumption of fuel oil 15 concerned, the 
following facts are of primary importance: 

a. The system has little or no hydroelectric generated energy 
to spare, since the average daily load is about equal to the 
flume capacity. 

b. Some fuel oil must be burned in the Company's San Fran- 
cisco steam standby station even during flood water periods, 
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to take care of peaks greater than the capacity of the hydro- 
electric plant, and to insure reliability of service. This is on 
the assumption that the system is operated as an independent 
unit not interconnected with the systems of other companies. 

c. While the company has two storage reservoirs in the 
mountains, with an aggregate capacity of approximately 30,000 
acre-feet, this amount of storage is not sufficient to bring up 
the natural flow during the dry season to the power requirements, 
the deficiency in an average year with the present load being 
such as to call for the burning of fuel oil to the order of magni- 
tude of 150,000 barrels per annum. 

The reduction of oil consumption which might be accomplished 
by interconnection may be considered under three divisions: 

First: Substitution of water power of one system for steam 
power of another; 

Second: Substitution of steam power of one system for 
steam power of another; 

Third: Use of forebay facilities of one company for indi- 
rectly absorbing spilled water of another; 

Fourth: Use of spare transmission facilities of one company 
for bringing in hydroelectric power of another system. 

With reference to the first, that 1s, the substitution of water . 
power of one system for steam power of another, the three 
systems serving the San Francisco Bay region all have approxi- 
mately the same flood and stored water season, so that no one 
has any material amount of excess hydroelectric energy avail- 
able when another has a deficiency of energy from that source. 
Their daily load peaks are approximately simultaneous and 
all water power plants are loaded at the peak. For these rea- 
sons there is little opportunity for substitution of hydroelectric 
energy from one system for steam energy of another system. 

With reference to the substitution of steam-generated energy 
of one system for energy generated from the same source on 
another system, this obviously offers two opportunities for fuel 
oil saving. First, the operation of more economical rather 
than less economical steam plants; second, the shutting down 
of one or more of several plants, reliance being placed on the 
others. The several large steam plants of the three companies 
operating in the San Francisco Bay district are very much alike 
in the matter of kilowatt hours per barrel of oil, since they are 
plants of similar magnitude containing units of similar size, 
6000 to 15,000 kw. each. For this reason, there is little oppor- 


1332 INTERCONNECTION OF POWER SYSTEMS _ |Feb. 28 


tunity to save fuel oil by substituting steam-generated energy 
from one plant for that from another plant. There is, however, 
an opportunity for considerable saving by shutting down at 
least one of the plants during the high-water season, provided 
the plant so handled can be really shut down, that 1s, kept cold 
for any considerable length of time, that is, provided the other 
steam and water power plants can serve as a standby to: the 
system whose steam plant is so treated. 

In the matter of the use of forebay facilities, the equipment 
of the Sierra Company happens to be such that it can be used 
as a hydroelectric storage battery for a poruon, of the loads: 
and power sources of its neighbors. 

During the flood water season, the Great. Western Power Com- 
pany has available during the night hours of each day approxi- 
mately 200,000 kw-hr. in excess of its requirements, although 
its peak load exceeds its hydroelectric generating capacity. -The 
Pacific Gas and Electric Company requires more energy each 
day than can be developed in its own hydroelectric plants, plus 
energy at present purchased. Some fuel oil could be saved by 
the Pacific Gas and Electric Company and by the Great Western 
Power Company if energy which is available during the night ` 
on the system of the Great Western Power Company could be 
carried over and delivered to the Pacific Gas and Electric Com- . 
pany or the Great Western Power Company during their heavily: 
loaded periods, as from 7 а. m. to 11 p. m. The Pacific Gas 
and Electric Company cannot absorb the energy available dur- 
ing the night due to the fact that its minimum hydroelectric . 
output, without spilling water, is about equal to its minimum 
load. Bv the use of its forebay facilities, the Sierra and San. 
Francisco Power Company can absorb approximately 60,000 
kw-hr. each night, which the Pacific Gas and Electric Company 
and the Great Western Power Company can utilize during the 
day. This 60,000 kw-hr. can be transferred from the Great . 
Western Power Comrany to the Sierra and San Francisco Power 
Company by means of existing interconnectioris between the 
three companies concerned. | | 

Assuming a normal season, this surplus will be available and 
can be utilized about a hundred days each year. This results 
in the utilization. of about 6,000,000 kw-hr. of hydroelectric 
energv per annum, or a saving of 30,000 barrels of fuel oil. 

In the matter of the fourth possibility for the saving of fuel 
oil mentioned above, namely, the use of the transmission lines : 
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of one system to carry hydroelectric energy of another from the 
Sierra Nevada district to the load district near San Francisco 
Bay, an analysis of the situation has shown that each of the three 
systems serving this district has in service or under construction 
sufficient line capacity for the transmission of all of its own 
hydroelectric power, for which reason no more energy could be 
developed in the water power plants by utilizing any part of 
the existing transmission facilities of one system for transmission 
of power of another system. While there are times that this is 
not the case, as when lines are out on account of trouble or 
for repairs, the cost of interconncting the systems to make the 
lines of one company transmit the energy of another, together 
with the dispatching and other operating difficulties involved, 
appear to more than outweigh the advantages that might be 
obtained, which as noted above, are not of great magnitude. 


PROCEEDINGS 


OF THE 


AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 


INDEX TO VOLUME XXXVII 


JANUARY 1 то DECEMBER 31, 1918 


INDEX TO SUBJECTS 


А. E. F. Section of A. I. E. E.—Section Organized by Institute 
Members in Етапсе................................ August, 244 
A: S.C. B. Meeting ооа aae МНЕ CH ажа April, 104 

Accessions to the United Engineering Society Library, January, 17; 

February, 53; March, 92; April, 128; May, 172; June,206; July, 

231; August, 263; September, 283; October, 302: November, 329; 
December, 353 

Address of President Rice at the Midwinter Convention Dinner, 


Extracts тотты сым 2 Pos КЫКЕ CURA eee aa EUN March, 73 
Aerial Cable Construction for Electric Power Transmission, (E. B. 

MIgVer) caue о ЕвОНИЕЫ Кама Ibat eiuf qus S tls Be June 561 
Alternating-Current Machinery, Commutation in, (Marius C. A. 

атон co e or eoa soto ate Rao dS sm еа a MOM ait February, 169 
Alternators, Salient Pole, Sustained Short Circuit Phenomena and 

Flux Distribution of (N. S. Diamant) .................. May, 435 


Ambrose Swasey's Second Gift to Engineering Foundation, 
November, 314 


America's Energy Supply, (C. P. Steinmetz) .............. June, 591 
Annual Meeting and Edison Medal Presentation .. May, 137; June, 186 
Annual Reports of Technical Committees............... August, 935 
Appeal for Aid by Tuskegee Institute, . . December, 344 
Application of Harmonic Analysis to the Theory of Synchronous 

Machines, (Waldo V. Буоп)...................... September, 1121 
Application of Theory and Practise to The Design of Transmission 

Line Insulators, (G. I. Gilchrest) ...................... June, 571 


Applications for Election, January, 14; February, 49; March, 86; 

A pril, 125; May, 168; June, 200; July, 227; August, 256; Septem- 
ber, 278; October, 208; November, 325; December, 347 

Associates Elected, January, 11; February, 46; March, 80; April, 

118; May, 159; June, 195; A ugust, 250; September, 272; November, 
319; December, 345 

Associates Reelected, February, 48; March, 85; April, 123; May, 

167; June, 199; August, 254; September, 277; November, 323, 
December, 346 

Automatic Hydroelectric Plant, The, (J. M. Drabelle and L. B. 
Pon ty augu a EN PODES E IM S De Read Жа May, 497 


INDEX TO SUBJECTS 


British and Canadian Patriotic Fund ................ September, 
Cable, Aerial, Construction for Electric Power Transmission, (E. 
БЕОЛЛЕУЕГ Эл doo N E E Most aha d ecd dr pid June, 


Cable, Split Conductor— Balanced Protection, (W. H. Cole) .July, 
Cables, Measurement of Power Loss in Dielectrics of Three- 


Conductor High-Tension, (F. M. Farmer)........... February, 
Character of the Thermal Storage Demand Meter, The, (P. M. 
Lincoln) але а ТГ UR на February, 
Chicago Meeting uos ioco о жж ж а эж diee жалба September, 
Circuit Breakers, Rating and Selection of Oil, (E. M. Hewlett, J. M. 
Mahoney, and G. A. Burnham).................... February, 
Comforts for the Engineer Regiments .................... May, 
Committec on Safety Сойсв............................. May, 
Commutation in Alternating-Current Machinery, (Marius C. A. 
ЕАО a m hrs wea а eee ioe YA kh ИКЕ ЕЕ February, 
Compensation of: Engineers... coo sooo e ое eles April, 
Condensers, Pre-Charged, in Series and in Parallel, (V. каро 
ау, 

Conventions 
Annual............ May, 137; June, 183; July, 219; August, 
Midwinter.. .... ....... February, 29; March, 66; December, 
Cooperation with Navy Department by А. I. E. E. Subcommittee 
on Wires and Cables ................................ June, 
Course in Radio Communication ........................ June, 


Critical Review of the Bibliography on Unbalanced Magnetic Pull 
in Dynamo Electric Machines, (Alexander Gray and J. G. 


PettSsch) suus ute I Gang diae d A m e eie PA АЕ aa September, 
Current Transformer Ratio and Phase Error by Test Ring Method, 
(H S. Baker e VE а. September, 
Design of Transpositions for Parallel Power and Telephone Cir- 
Cults, (H S- Osbofne) 25 a oid Ga аук ыз ек уж алары ША July, 
Design of Underground Distribution for Electric Light and Power 
Systems, (G. J. Newton) ........................... March, 
Dinner to Ambrose бууавеу.......................... December, 
Dinner to Professor C. А. Adams, .... . June, 
Direct-Current Apparatus, Protection from. Flashing for, (J. J. 
Linebaugh and J. L. Burnham) ....................... June, 
Direct-Current-Generator for Constant Potential at Variable 
Speed, А, (S. R. Вегртап).......................... August, 


Doings of the Eleventh (Railway) Engineers “Over There”. A pril, 
Drum Shape as Affecting the Mine Hoist Duty Cycle and Motor 


Rating, (F; E: Stone). а RAUS Set ДЫН Ез October, 
Duty of the Employer in the Reconstruction of the Crippled 
Solde ia С pe wna ыны ы А ШЕ талы ОНОМ July, 
Economic Proportion of Hydroelectric and Steam Power, (Frank 
Ваши oec н Tau А ea shh aia ои September, 
Effects of War Conditions on Cost and Quality of Electric Service, 
(L. S. Goodman and W. B. Jackson) DUM E ыы January, 
Electrical Engineers for Service in the Signal Corps ...... October, 
Electric Arc Welding, (А. M. Candy) ................ September, 
Electric Motors in the Cement Industry, (R. B. Williamson) 
November, 


Electric Power for Nitrogen Fixation, (E. Kilburn Scott) ... July, 
Electric Service, Effects of War Conditions on Cost and Quality of, 


(L. S. Goodman and W. B. Jackson)................ January, 
Electric Welding—A New Industry, (H. A. Hornor)...... October, 
Electrification of the Montreal Tunnel Zone (W. G. Gordon) 

December, 
Electromagnetic Theory to Matter, Some Applications of, (A. C. 

ЕО а oe Blan aces Ga UN АКЫ: A pril, 
Emergency War Course in Employment Management, . November, 
Engitieering Council cos оа oe dee BOS Sc hE uapa pou Abril, 


Engineering Council Acts Upon Industrial Efficiency, ...... May, 


11 


272 


561 
793 


125 


147 
270 


41 
149 
149 


169 
109 


509 


239 
338 


188 
192 
1061 
1173 
739 
203 
344 
186 
617 


1011 
110 


1203 
219 
1115 
23 
294 
1159 


1237 
779 


23 
1185 


1285 


283 
314 
107 
146 


111 INDEX TO SUBJECTS 


Engineering Council Meeting, December 6, 1917........January, 
Engineering Council's Growing Activities,................. May, 
Engineering Foundation—Annual Report ................ May, 
Engineering Regiment to be Organized, Another........January, 
Engineering School Registration Must be Maintained ...... May, 


Engineering Service Bullctin, January, 21; February, 56; March 90; 
April, 131; May, 177; June, 203; July, 229; August, 260; Septem- 
ber, 280; October, 300; November, 327; December, 


Engineering Societies Library Report for 1917 ........... March, 
Engineers and Architects Association. of Southern California 
August, 

Engineers and the War, (Major General William M. Black) 
August 

Engineers Club, Philadelphia............................ June, 
Engineers W anted for Commissions in Army .. July, 
Fellows Elected, February, 48; June, 200; Ашы, 255; November, 
Fourth Series Officers Training SCHOO! Е енды ux ade T May, 
Frequencies, The Technical Story of the, (B. G. Lammoe). January, 
Future A. I. E. E. Meetings........2 March, 66; A pril, 103; October, 
Government Service, January, 3; February, 32; April, 114; May, 
150; June, 

Greetings from Italian Епріпеетв........................ A pril, 
Harmonic Analysis, Application of, to the Theory of Synchronous 
Machines, (W aldo V aS ON) duse dieto оо нала September, 
lore ENIM а ғақ кее гы eee eee May, 
Heaviside and. Vashy saos ее uqu a October, 


Honor Roll, January, 7; February, 34; March, 72; April, 113; May, 
145; June, 191; July, 223; August, 246; September, 211; October, 
293; November, 315; December, 

Hy Jode and Steam Power, Economic Proportion of, (Frank 


Co Baun eaer heee ККЕ AE AE E September, 
Hydroelectric Plant, The Automatic, (J. M. Drabelle and L. B. 
Bonnett а К ГК e as p wd qa doner и May, 
Hydroelectric Development ......................... Februar y, 
Inductive Effects of Alternating-Current Railroads on Communica- 
tiom Circuits, (CH. S. Мате): sese ES uem амалын August, 
Instructors Wanted for Signal Work . 4 .. . September, 
Insulators, Transmission Line, Application of Theory and Practise 
to the Design of, (G. I. Gilchrest) ..................... June, 


Interconnection of Power Systems. A Symposium. (P. M. 
Downing, G. S. Jacobs, J. P. Jollyman, W. M. Shepard, and 


Tz WOO0d DEB) ыссы и December, 
Lightning Arrester, The Oxide Film, (Crosby Field)........ June, 
Lightning Arrester, The Oxide Film, (C. P. Steinmetz) ....June, 
Lightning Arrester Spark Gaps— Their Relation to the Problem of 

Protecting Against Impulse Voltages, (C. T. Allcutt) ...... May, 


Magnetic Pull in Electric Machines, (E. Rosenberg) ... September, 
Major J. B. Whitehead Awarded Edward Longstreth Medal of 


Мег ы ace и Dei ted June, 
Measurement of Power Loss in Dielectrics of Three-Conductor 
High-Tension Cables, (Е. M. Farmer)............... February, 
Meetings, 
. A. I. E. E. Regular 
New York, December, 1917...................... January, 
Boston, New York and Chicago, January, January, 1; Feb- 
ruary, 
Cleveland, March 8......... February, 30; March, 65; April, 
Pittsburgh-New York, April.............. A pril, 103; May, 
New York, May ызалы тазала Ema Мау, 137; June, .. 
Philadelphia, October 11-12, August, 239; September, 269; 
October, 
New Ү ork. а ОРИ 1. 911; December, 


INDEX TO SUBJECTS 


Philadelphia, December, 18-14................... December, 
New York, January 10, 1919............... . December. 
December, 339, 

Branch, January, 10; February, 39; March, 79; April, 116; 
May, 158; June, 194; July, 226; August, 249; November, 
Directors, January, 5; February, 37; March, 68; April, 106; 
May, 139; June, 187; August, 245; September, 269; November, 
313; December, 

Section, January, 8; February, 38; March, 77; April, 115; May, 
157; June, 192; July, 225; August, 248; October, 298; November, 
318; December, 339, 

Meeting of Institute of Radio Engineers, January 2, 1918,January, 
Meeting of Radio Engineers... .... .... October, 294; December, 
Members Elected, January, 13; February, 48; March, 80; April, 
124; May, 167; June, 200; August, 254; September, 277; Novem- 
ber, 323; December, 

Members Reelected ........................ January, 13; June, 
Meter, The Character of the Thermal Storage Demand, (P. M. 
Lincoln) н Face ees don dad ЫЙ February, 
Method of Symmetrical Co-Ordinate Applied to the Solution of 
Polyphase Networks, (С. L. Еогіеѕсце)................. June, 
Mine Hoist Duty Cycle and Motor Rating, Drum Shape as Affecting 
the. (F: №: Stone) io y и но Ens Sb wa edv wee is October, 
Mining of Anthracite Coal, The Use of Electric Power in, (J. B. 
СТАЕ uu Gus fiu Ed Oe ek а ДЕ Re we et October, 
Motor, A Physical Conception of the Operation of the Single Phase 
Induction, (В.С. Сайте) у ooi ueber A pril, 
Motor,— The Secomor—A Kinematic Device Which Imitates the 
Performance of а Series-Wound Polyphase Commutator, 
(V. Karapetefb) «c wear sciet ex t Co xov ba rid February, 
Motors and Control as Affected by Mechanical Features of the 
Drive, Selection of Steel Mill Auxiliary, (J. D. Wright)... March, 
Motors, Electric, in the Cement Industry (R. B. Williamson) 


November, 

Motor, Polyphase Shunt, The, (W. C. K. Altes) ....... February, 
Motors, Single-Phase Induction, and Phase Converters, No-Load 
Conditions of, (К. E. Hellmund) ...................... A pril, 
Motors, Some Considerations in Determining the Capacity of 
Rolling Mill, (R. F. Напийоп)....................... March, 
National Engineering Societies and the National Research Council, 
The, (George Ellery Hale) .......................... October, 
National Exposition of Chemical Industries, August, 248; Septem- 
ber, 

National Research Council to be Made Permanent Body,... June, 
National Research Council, War Activities of, (George Ellery Hale) 
July, 

New Standard of Current and Potential, A, (Chester T. Allcutt) 
February, 

News Notes from Engincering Council.................. August, 


Nitrogen Fixation, Electric Power for, (E. Kilburn Scott)July,.. 
No-Load Conditions of Single-Phase Induction Motors and Phase 


Converters, (R. E. Hellmund).. ..... А pril, 
Nominations for Institute Officers for 1918-1919. .. January, 
Nominations for Institute Officers for 1919-1920. . .. December, 


Notes on Engineering Progress in Britain by Н. M. Hobart.. May, 
Obituary. Februari, 52; April, 127; Мау, 171; June, 203; July, 228; 
August, 259; September, 280; October, 299; November, 320; 


December, 

Opening Address by President E. W. Rice, Jr., at A. I. E. E. Mid- 
winter Convention ..... ...... March, 
Opportunities for Commissions in Ordnance. Department, Sep- 


tember, 
Organizing America's Reseaich Work on a National Scale... July, 


v INDEX TO SUBJECTS 


Oxide Film Lightning Arrester, The, (Crosby Field)........June, 
Oxide Film Lightning Arrester, The (C. P. Steinmetz)..... June, 
Personal, January, 1 17; February, 52; March. 89; April, 127; May, 
172; June, 202; July, 228; August, 258; September, 279; October, 
299; November, 3260; December, 

Phase-Converters, and Single-Phase Induction Motors, No-Load 


Conditions of, (К. E. Hellmund)...................... April, 
Physical Conception of the Operation of the Single-Phase Induc- 
tion Motor, А, (В. G. Lamme)....................... Aprel, 


Polyphase Commutator Motor,—The Secomor—A Kinematic 
Device Which Imitates the Performance of a Series Wound, 


(У ЖСатарето rece p uy aec ipa хи ы Ека et ua February, 
Polyphase Networks, Method of Symmetrical Co-Ordinate Applied 
to the Solution of, (C. L. Fortescue) ................... June, 
Polyphase Shunt Motor, The, (W. C. К. Altes) ........ February, 
Pre-Charged Condensers in Series and in Parallel, (V. Bap 
ay, 

President's Address—A Review of Electrical Engineering Progress, 
(E. Wo RICO. Afi) o аа ҰЛЫМЫН арқаны олет August, 
Professional Classes War Relief of America .............. March, 
Protection from Flashing for Direct-Current Apparatus, (J. J. Line- 
baugh and J. L. Burnham)............................ June, 


Publication of Technical Work of the Joint Committee on Induc- 
tive Interference by the California Railroad Commission 
February, 31; Marck, 

Rating and Selection of Oil Circuit Breakers, (E. M. Hewlett, J. M. 


Mahoney апа G. A. Burnham)..................... February, 
Reactance of Synchronous Machines and Its Applications, (R. E. 

Doherty and О. E. Shirley) ........................... July, 
Recent Gifts to the Engineering Societies Library.......... July, 


Recommended for Transfer, January, 13; February, 49; March, 86: 
April, 124; May, 168; July, 227; August, 255; September, 278; 
November, 324; December, 


Report of Committee of Tellers on Election of Officers ..... June, 
Report of Committee of Tellers on Nomination Ballots .... April, 
Report of Joint Commitee on Engineering Education... December, 
Report of the Board of Directors ........................ June, 
Review of Electrical Engineering Progress, А, —President's 

Address, (E. W. Rice, Jr.) .......................... August, 


Secomor, The—A Kinematic Device which Imitates the Perfor- 
mance of a Series-Wound Polyphase Commutator Motor, (V. 
Каро ле аа а RS February, 

Selection of Directors’ Nominees for Officers for 1918-1919 April, 

Selection of Steel Mill Auxiliary Motors and Control as Affected by 


Mechanical Features of the Drive, (J. D. Wright) ...... March, 
Ship Design and Construction......................... October, 
J. Waldo Smith Receives John Fritz Medal ............... May, 
Skin Effect in Tubular and Flat Conductors, (H. B. prio 

ugust, 
Some Applications of Electromagnetic Theory to Matter, (А. C. 

CRON OTE o Sus OLG ab ТЕ ТЕУ КГ Т eh E Un e April, 
Some Considerations in Determining the Capacity of Rolling- Mill 

Motors, (R. F. Hamilton) ........................... March, 
Special Meeting on Lighting Curtailment,............. February, 


Spht-Conductor Cable—Balanced Protection, (W. H. Cole) July, 
Status of Engineering Students under the Selective Service Law 


January, 
Steel Mill Auxiliary Motors and Control as Affected by Mechanical 
Features of the Drive, Selection of, (J. D. Wright)...... March, 


Students Enrolled, January, 15; February, 51; March, 88; April, 
126, May, 170; June, 201; August, 257; September, 279; November, 
326; December, 

Summary of Proceedings of United Е Society Meetings 
of January and February, 1918.. . Tr . May, 


541 
551 


349 
317 
403 


629 


509 
999 


617 


349 
144 


INDEX OF AUTHORS 


Sustained Short-Circuit Phenomena and Flux Distribution of 


Salient Pole Alternators, (N. S. Diamant)............... May, 
Synchronous Machines, Application of Harmonic Analysis to the 
Theory of, (Waldo V. Буоп)...................... September, 
Synchronous Machines, Reactance of and Its Applications, (R. E. 
Doherty апа O. E. Shirley) ........................... July, 
Technical Committees, Annual Reports of,. ............. August, 
Technical Story of the Frequencies, The, (B. G. Lamme)..January, 
Thermoelectric Standard Cell, А, (C. A. Hoxie)........ February, 


Transferred to the Grade of Member, January, 13; February, 48; 
April 124; May, 167; June, 200; August, 255; September, 278; 
November, 323; December, 

Transferred to the Grade of Fellow, January, 13; February, 49 
March, 86; June, 200; August, 255; September, 277; November, 
Transmission Line, 110,000 Volt, Over the St. Lawrence River, 


(бз ЭУЕ ПРО) aeuo d dae к, November, 
Transpositions for Parallel Power and Telephone Circuits, The 
Design of, (H. S. Osborne) ............................ July, 
U. S. Navy eam Engineering School at Stevens Institute of 
Technology.. ese oboe RS Amie A Rn October, 297; November, 
Underground Distribution for Electric Light and Power Systems, 
Design of (G. J. Мембоп)........................... March, 
United Engineering Society—Extracts from President’s Annual 
REPO aaao Bare aca tem cit A gid Yayasan В March, 
Use of Electric Power in the Mining of Anthracite Coal, The, 
Cha Bei Gane) co teu: ut cine onu ond ҚЫ Boecl ves kes October, 
War Activities of the National Research Council, (George Ellery 
Hale). Du de РЕ О ЛЛК Т Е July, 
War Conditions, Effects of, on Cost and Quality of Electric Service, 
(L. 5. Goodman and W. В. Јаскѕоп)........ ....... January, 
War Service Exchange ................................ March, 


Welcome to the American Society of Civil Engineers, .. . January, 
Welding, Electric,——A New Industry, (H. A. Hornor)..... October, 


Welding, Electric Arc, (A. M. Candy) ............... September, 
William D. Weaver—In appreciation of Services. .......... May, 
Year Book: ов саман кана rgd EA USE UI EE March, 


INDEX OF AUTHORS 


Alcutt, Chester, T.,.................... February, 83; May, 
Altes, W. С. Korthals,.............................. February, 
Вакег, НЕ ыгын ele A idi ae Y s eriam September, 
Baum, Frank Quos yu za iw xr eel pc le, Айлалуу кше шыр September, 
Bergman. S. S e oos ayl lu ка hr du ou uas ыды August, 
Black, William М.,................................. August, 
Bonnett, AL. E wore eared O May, 
etn EE E A а D PORA NR February 
Нига Vix. dsb E T E O алла June, 
con P KR "LNSCN September, 
Cole. MS TID seed о а aed nat Ku M dice dE a July, 
гапе БЕ: ТИЕК МИН ККЕ КЕТГЕ КР КЕК о October, 
Cichore, Albert: (Quos л ache © sector xe eq e Dau qe A pril 
Diamant, N басы ad ceca, iud urine precii Er da May, 
P M. DOWNING ie do ТТР ТК RD Ie ed b Dod December, 
Doherty, RE ess toti u uc sayu a ий July, 
Drabelle, : шн кыран ood КТ et ое MIS 
Dwight, Е ОНИЕ August, 
Parmer P. NM ac estat к a’ atte by leat ake t e o ree Re February 
О 6 сег ыы oie tad ae Ae dedu aee DEED ae June, 
Rortescue C ЛЕ ае PO Seidel es TU ои, June, 
Gilchrest, G. РРО ОС ЫДЫ Onn ORO a soy ы EAQUE T F 
Goodman, Lynn 5.,.................. .............. January, 


vi 


69 
1197 
909 


vii INDEX OF AUTHORS 


Gray Alexander cessa та durs eua Me RU S kuq September, 
Hale George Ellery,....................... July, 909; October, 
Hamilton Robert Е.,................................. March, 
Helmond; R; Bus dor и ek April, 
Hewlett. E; Мул а edam bela de hack PNE February, 
Homor Ilic A b salus qe DIE waa Pes Ша witha hd wok October, 
Hoxie С. Анык ее TP e opt te ae dris February, 
Jackson William: Въ echo роз жу kaya uus January, 
Gaskell S. Jacobs,.................................. December, 
P Toldos uote клн ердан кй Da Ub ыы ics December, 

ATADELON Vasa eur eas ысыла б February, 65; May, 
Lamme- Be yo cilia cy sx xor Н Д January, 1; April, 
Latour, Manus А. С.,.............................. February, 
Lincoln РЕМА used oue e act acit В February, 
Linebaupb- Jp. s est ac ede std ba baw А a ese eoi oem a ia asa nt June, 
Lyon; Waldo: Vti ems s x ERO M EE oe e Na a September, 

eee Je soc outre Mire eee SORA OSE Ras eae ‚. February, 
Meyer, eee ee ee ҮК ee re ere a ee > ... June, 
Newton: (Ge Joerres eate OEA O s tu ue e e :. March, 
Osborne, Harold 5.,.................................. July, 
Ребе MEC TMPLC——————— T" Septen.ber, 
Rice E: V ғаз Vacant nantes bade aes March, 195; Augus:, 
Rosenbergs Е 400 deh bees os atau ma Sea eee НУ September, 
Scott. RB. Kalba Gis os ушне bM ROUX Fee ind aq eee dete July, 
Wiliam M; Shepatd,. 4o eo xor ENE EE VO E S Dece.n»:r, 
omrleys- Oo eie а жле» и Ли у, 
Steinmetz Charles P.,........ КИЕ ТТК Ли e 521, 
Stone dq я кешу cau ya tuaku |.. . October, 
SVENNINGSON, и ер РӘК udi E EEL Scu November 
Marren о О акаш арыл at bk абы, АЛЛА Gu a August, 
Williamson, R. Бім сыза Abu eee EC ER E November, 
LE NWOOG DEG RO yr usce Ed oA REC PE Edo iem dn December, 


HEht Je Iso poca d tht ad dex Ei wee sud March, 


- ^- ——— € ee  — ee — ш 


т? 


Digitized by Google 


